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Abstract 
Ternary hybrids based on poly(ethylene oxide) (PEO) / silica (SiOz) / antioxidants 
(AO) were produced by the sol-gel method and evaluated as slow-release 
antidegradants for polyamide Nylon 6. 
An amount of 3-glycidyloxypropyltrimethoxysilane (GOTMS) was used to 
compatibilise the binary combination PEO-Si02• The antioxidants evaluated were 
chosen from commercial sources representing both phenolic and amine classes of 
molecules. In particular the antioxidants evaluated in some depth were 3,5-di-tert-
butyl-4-hydroxytoluene (BHT, the lowest molecular weight hindered phenol 
antioxidant), octadecyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)-propionate (Irganox 
1076) (a higher molecular weight phenolic antioxidant), bis-(2,2,6,6-tetramethyl-4-
piperidyl)-sebacate (Tinuvin 770) (a sterically hindered secondary aliphatic amine 
stabiliser HAS), N-isopropyl-N'-phenyl-p-phenylenediamine (IPPD, an aromatic 
amine antioxidant). A silica bound antioxidant was also prepared by pre-reacting 
2,6-di-tert-butyl-4-hydroxymethylphenol (DBHMP) with y-triethoxysilyl propyl 
isocyanate (TESP-NCO) to form a bifunctional urethane, compatibilising the 
organic antioxidant component with the inorganic SiOz component. 
The miscibility and degree of interaction of the three components was assessed by 
visual observation and thermal analysis (DSC). The formation of transparent 
mixtures was taken as indicative of miscible systems whereas the depression of 
enthalpy andlor reduction of melting point of either AO or PEO components was 
taken as evidence for the strong interactions. 
The relative efficacy of such systems for the protection of thermally unstable 
polymers, such as polyamide, was assessed by producing laminates of polymer 
films containing an interlayer of cast PEO-SiOz-AO hybrid. To follow the path 
length of the migration of the antioxidant the hybrid film was placed between 
stacks of Nylon films up to 10 layers and examined by looking at the IR 
absorptions of hydroperoxides intermediates and carbonyl containing species 
resulting from oxidation in an oven at 60°C. The amount of oxidation product was 
decreased compared to an unstabilised polymer in the same conditions, as evidence 
of diffusion of AO from the organic-inorganic hybrid. 
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1 INTRODUCTION 
1.1 Sol-Gel processing 
In recent years the so-called sol-gel reactions have been extensively studied in 
order to improve or modify the process of producing inorganic glasses and 
ceramics. The development of sol-gel processing has allowed radical changes in 
the way the materials are prepared and in terms of the temperatures employed. The 
high temperatures (> l400°C) used for the sintering procedure in the traditional 
processing can be reduced to heating a sol-gel product to lower temperatures, such 
as 900°C. The sol-gel technique has stimulated a lot of interest in industry because 
of the possibility to obtain some multi-component systems not obtainable by the 
conventional smelting and sintering processes and for the production of silica-
glasses of high purity. 
1.20rganic-lnorganic Hybrids 
By mixing the precursors of the sol-gel reaction with either an organic polymer 
solution or a polymerisable oligomer it is possible, with a careful choice of the 
experimental conditions, to obtain co-continuous networks of organic and 
inorganic material with domain size in the nanoscale range: the resulting material is 
called an organic-inorganic hybrid. Phase separation may occur at the gel point, if 
the inorganic phase is not "sufficiently compatibilised" with the organic polymer. 
1.3Antioxidants for polymers 
Organic polymers used in commercial applications as plastics necessitate a number 
of additives blended in during the final processing, to ensure adequate 
processability or lifetime properties. Examples of such additives are lubricants, 
pigments, flame-retardants, antistatic agents, UV stabilisers and antioxidants. 
Plastics products may be exposed to aggressive environments, high temperatures 
and air, all of which will cause chemical reactions that will, in time, change the 
structure and composition of the material, affecting the structural properties and 
lifetime of the product. Ageing would cause the polymer to change in colour, 
1 
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develop reaction products that would change crystallinity and chemical resistance, 
eventually chain scission would occur, losing mechanical properties and causing 
the material to fail. To delay this ageing, process antioxidants are commonly added 
to the polymer in various amount (typically in the order of up to a few percent). A 
number of problems are encountered, however, in the mixing of high molecular 
weight polymers with relatively low molecular weight additives. A major problem 
is the loss of additive during ageing, by evaporation or leaching. The strategies to 
overcome this problem vary considerably from copolymerisation and grafting on to 
polymer chain, to incorporating high molecular weight antioxidants. 
1.4Aims of the study 
Synthesis of an organic-inorganic hybrid that encapsulates an antioxidant may 
allow an effective solution for the loss of stabilisation activity over time. A 
substantial amount of low molecular weight antioxidant can be entrapped in the 
organic-inorganic hybrid, and this added to the polymer as filler. Mobility through 
the polymer would still be possible and the constitution of the organic-inorganic 
hybrid can be tailored to control the rate of diffusion. The encapsulated antioxidant 
hybrids, when incorporated in a traditional polymer system in a low percentage, 
would act as a slow releaser and reservoir of antioxidants into the surrounding 
polymer. At the same time, the antioxidant within the organic-inorganic hybrid 
fiUer may be more resistant to extraction in water and to losses by evaporation. 
Because the concentration of the stabilisers in the polymer is kept low at an times, 
it may also be possible to use very large amounts of antioxidants, as these would 
not be expected to crystaUise out as discrete large crystals. 
The manner in which the controUed release of antioxidants is to be achieved is 
indicated below: 
i) Using mixtures of compatibilised antioxidant and silica, produced by the sol-
gel method. 
ii) Using mixtures of antioxidant-silica-auxiliary polymer [polyethylene oxide 
(or PE~)] hybrids. 
Two classes of antioxidants will be examined: hindered phenol and hindered amine 
stabilisers. 
2 
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To determine whether the objectives are achieved, model studies will be made to 
examine the rate of diffusion of the antioxidant from the silica and silica-auxiliary 
polymer hybrids. 
It is to be noted that PEO has been chosen as auxiliary polymer for the production 
of the hybrid to encapsulate the antioxidant for the following reasons: 
a) It is proven to be compatible with siloxane precursors for the production of 
silica-polymer hybrids. 
b) It has a low melting and therefore will allow the antioxidant to have a high 
mobility at temperatures used for processing of conventional polymers. It is 
also useful for applications at high temperatures, such as hot-water pipes 
and others. 
c) It is hydrophilic in nature, and, therefore, can be used to control (enhance) 
the rate of diffusion from the hybrid into the polymer in aqueous 
enviromnents for textile fibres applications and hot-water pipes. 
3 
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2 BACKGROUND AND LITERATURE SURVEY 
2.1 Sol-Gel Process[1] 
2.1.1 Definitions and general principles 
Revision of the tenninology now offers a clear distinction between the natures of 
systems from the original precursor solution. The earlier tenns colloidal, which 
referred to sols of dense charged oxide particles, and polymeric. which referred to 
suspensions of branched macromolecules, were found to be ambiguous, since the 
latter also consist of colloids. Therefore colloidal has been replaced by particulate, 
describing sols with a non-polymeric dispersed phase, formed in aqueous solutions. 
The use of the term polymeric is now preferred to describe silica sols formed 
solutions from the hydrolysis of metal alkoxides, not necessarily in aqueous media, 
with a particle size below the colloidal range limit of 1 nm [2, 3J. This limitation in 
size is not always applicable, especially in base-catalysedlhigh water content 
systems, but in this case the particles formed are not considered true colloidal [4]. 
Aggregates of particles, particulate sols, under the influence of van der Waals 
forces, percolate in the presence of the liquid medium to form a gel. Base-catalysed 
polymeric systems with excess water, which consist of highly branched clusters 
that act like discrete particles, behave similarly. In contrast to these systems, acid-
catalysed polymeric sols with low water contents do not form clusters but linear or 
branched polymers; these will entangle and cross link (with additional branching) 
at the gel point [2, 3J. Although these gels differ from each other because of the 
different types of bonding, they can all appropriately be described as substances of 
continuous solid skeleton enclosing a continuous liquid phase. 
The chemical synthesis of oxides involves the transition of hydrolysable metal 
alkoxides from sol to gel. The general sol-gel reaction scheme is composed of a 
series of hydrolysis steps in conjunction with condensation steps. 
The hydrolysis reaction involves the stepwise replacement of alkoxy ligands with 
hydroxyl groups: 
4 
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.. 
M(OH)m_x(OR)x + (m-x)R(OH) 
For network formation it is necessary that following the hydrolysis of the alkoxy 
groups, and their replacement with hydroxyls, the latter condense with each other 
eliminating water: 
== M -OH + == M -OH ---~ == M -O-M == + H20 
Ideally, the formation of M-OH bonds would be expected to be carried to 
completion before any condensation is initiated. In practice, the presence of 
partially hydrolysed molecules means that polymerisation reactions between 
",MOH and ROM", are also possible, releasing alcohol instead of water, according 
to the scheme: 
== M -OH + == M -OR --_. == M -O-M == + ROB 
Reaction intermediates formed by concurrent hydrolysis and condensation in the 
reaction mixture, such as dimers (i.e. (RO)3M-O-M(ORh) and trimers, are also 
liable to undergo further reaction. 
A succession of events such as those described earlier leads to the formation of a 
polymeric sol, which eventually produces an inorganic oxide skeleton through a 
sol-gel transition. Along the skeleton can be found non-hydrolysed alkoxy and 
uncondensed hydroxyl groups. The concentrations of these groups in the gel 
depend on many variables: water content, reaction time, nature of the alkoxide, 
solvent, pH and thermal history. These variables are responsible for the resultant 
structure and the final properties of the glass produced. 
2.1.2 Precursors 
Metal alkoxides, the sol-gel process precursors, date back to the middle of last 
century, when Elbernen first synthesized TEOS (tetraethoxysilane or tetraethyl 
orthosilicate) by reacting silicon tetrachloride, SiCI4, with ethanol. Soon after this, 
Mendeleyev discovered the ability of SiCl4 to form silicic acid, which subsequently 
was capable of condensation yielding high polysiloxanes [2J. 
5 
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The silicon alkoxides are the reagents of choice used in this process. There is a vast 
number of silicon alkoxides (alkoxysilanes) commercially available, but the most 
frequently used are TMOS (tetramethoxysilane) and TEOS. The latter, often the 
main source material for single silicon oxide systems, is a colourless liquid with a 
density of about 0.9 g/cm3 and is extremely pure when distilled [5]. 
The starting sol-gel mixtures ofTEOS typically consist of the alkoxide, water and a 
solvent to allow complete miscibility. The latter is commonly an alcohol, often 
ethanol. To control the relative and absolute rates of hydrolysis and condensation 
reactions, a catalyst is also used. This is either an acid or a base. The reaction 
temperatures employed range from sub-zero to approximately 90°C [2]. 
In addition to tetralkoxysilanes, other components of sol-gel precursors include 
organofunctional alkoxysilanes. Alkyl-substituted alkoxysilanes or organoalkoxy-
silanes [2], are useful for modifYing the polymer network because of the presence 
of the non-hydrolysable groups. They are also used when the introduction of 
organic matter within the network is required. 
Also known as coupling agents, these silanes are primarily used as "connectors" 
between an organic resin matrix and mineral reinforcement (fibres and fillers) to 
improve the properties of composites [6]. The polymer-filler bond is achieved on 
one side via the alkoxy component, which attaches the molecule to the mineral 
surface through condensation with pendant silanes and, on the other side, through 
interactions of the organofunctional group with the polymer. The occurrence of 
copolymerisation reactions at the interphase leads also to the formation of 
interpenetrating networks (IPNs) [6, 7]. 
To enable the coupling agent to exert its function, the nature of the 
organofunctional group is varied according to the chemical nature of the matrix and 
the service conditions. 
2.1,3 Hydrolysis and condensation mechanism 
Alkoxysilanes undergo hydrolysis and condensation reactions in the presence of 
water; ultimately leading to the formation of silanes. However hydrolysis and 
condensation reactions are neither sequential nor they will always go to 
completion. 
6 
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An alternative representation emphasises the existence of intermediate siloxane 
compounds and redistribution equilibria, where reaction by-products are consumed 
to produce a variety of species. This was proposed by Yoldas [8). The suggested 
form of these species was Sin0[2n.o5(X-Iy)jOHx(OR)y, where n is the degree of 
polymerisation and, x and y are the respective numbers of terminal groups. 
The hydrolysis reaction mechanisms presented here for tetraethoxysilane were 
suggested by AeIion et al, [9]. The mechanisms were later elaborated by Keefer 
[10], as shown below. 
i) Base-catalysed hydrolysis 
The process involves nucleophilic substitution. The hydroxide nucleophile 
coordinates with the silicon, forming a transient intermediate trigonal-bipyramid; 
the alkoxide group positioned at the opposite site becomes the leaving group. The 
ethoxide ion is expected to react quickly with water to produce a new free 
·OH 
R~J 
+ Sr-OR 
/ 
RO 
---
Figure 2-1 Mechanism of base-catalysed hydrolysis by nucleophilic 
substitution; R = H, Et or Si(OR)3 [after Uer] 
hydroxyl: 
ii) Acid-catalysed hydrolysis 
+ ·OR 
This takes place as an electrophilic reaction. The hydronium ion approaches the 
tetraethoxide molecule to form an activated complex. 
Ra RO H 
RQ' R~.' : ~., + -., , + 
11,0 + Sr--PR _ H,0' '-..Jf Si-U> R 
! ' ! 
RO H RO 
Figure 2-2 Mechanism of acid-catalysed hydrolysis by electrophilic reaction 
[after Her] 
L-___________________________________ _ 
7 
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Hi) Condensation catalysed in the pH range 3 -12 
Proposed by Iler [11], condensation in the pH range 3-12 is a nucleophilic 
substitution reaction, where a protonated silanol is attacked by a deprotonated 
silanol (the nucleophile), to fonn a "'Si-O-Si", linkage, displacing a hydroxyl in the 
R~" R~.' 1'-0- + li-OH 
RO RO 
~, t 
Si--O---Si-'-OH 
I I' 
RO RO bR 
R~, r 
+-- 1'-o--sh + 'OH 
RO oli'R 
Figure 2-3 Mechanism of condensation by nucleophilic substitution [after IIer] 
process. 
iv) Condensation catalysed in acid conditions 
In high acidic environments (pH < 3), the mechanism of condensation changes 
from nucleophilic to electrophilic, where the least acidic unit available (i.e., 
Si(OH)4), is protonated to become the electrophile [10-12]. 
R~~, lR 
---~ .. - Si--O-Si. + 
/ ~~OR RO OR 
Figure 2-4 Mechanism of condensation by electrophilic SUbstitution. [after IIer] 
8 
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2.1.4 Factors affecting the hydrolytic polycondensation 
reactions 
i) Catalyst 
The nature of the catalyst detennines the relative rates of hydrolysis and 
condensation reactions. As is known [13], acid catalysts promote a fast hydrolysis, 
resulting in a rapid TEOS conversion, in contrast to the nucleophilic catalysis, 
which decreases the rate of hydrolysis and increases the rate of condensation; this 
results in less hydrolysed products. 
Hence the degree of conversion of alkoxysilanes, leading to the fonnation of Si-O-
Si bonds, increases more quickly in basic than in acid environments. 
Aelion et al. [9] concluded that the rate and extent of TEOS hydrolysis are greatly 
influenced by the dissociation constant and concentration of the acid or base 
catalyst. The condensation rate in the presence of HCl is proportional to the 
concentration of the acid. On the contrary, they found very low rates of reaction with 
weak acids. The same conclusions were also reached by Cihlar [14] who investigated 
strong acids such as HCl, H2S04, HN03, toluenesulphonic acid and weak acids such 
as fonnic and acetic. The weak acids were found not to be as efficient catalysts as the 
strong ones, but they did produce reasonable exients of hydrolysis in presence of 12,5 
vo!. % water. 
Regarding the hydrolysis under basic conditions with NaOH catalyst, Aelion et al. 
have reported a first order kinetics with respect to TEOS in dilute solution, 
although at higher concentrations of monomer the reaction was complicated by the 
fonnation of insoluble polysilicates. Weaker bases such as NH40H and pyridine 
were only effective as catalysts at higher concentrations. Also, in comparison to 
acid-catalysed hydrolysis, their results revealed a more pronounced dependence of 
the base-catalysed hydrolysis on solvent nature. 
Mascia et af. [13] have studied the effects of catalysts belonging to three different 
classes of catalysts on the condensation of silanes: acid [TSA (p-toluenesulphonic 
acid monohydrate)], neutral [DBTDL (dibutyitindilaurate)] and basic [BDMA 
(benzyldimethylamine )]. The catalysed TEOS polymeric structures were studied 
with SAXS. Basic catalysts lead to typical compact structures, while catalysis by 
9 
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DBTDL (pH neutral) lead to more homogeneous structures and more optically 
transparent gels, similar to those produced under acid catalysis. This effect is a 
result of a relatively slower hydrolysis and monomer consumption mth respect to 
the condensation. The monomer is available for condensation even at a late stage, 
in contrast to the acid catalysis where it is consumed very quickly. 
ii) pH of solution 
In reactions under basic conditions the successive hydrolysis steps are faster, since 
the silanols replacing the alkoxy groups on the silicon are more acidic and that 
makes the molecule more prone to attack by hydroxide ions [10-12] A slow 
hydrolysis generates silanols that are immediately used up by fast condensation, 
leaving no intennediates in the reaction medium. Therefore it is not surprising that 
a large proportion of the alkoxy groups remain unreacted up to the point of gelation 
[15]. 
Although the base-catalysed hydrolysis of TEOS is predicted to be a first order 
reaction, this is verified only when the catalyst-to-silica concentration ratio is high. 
This is because the acidic silanol groups, generated during the hydrolysis, tend to 
neutralise the base, thereby reducing the effective rate of reaction [10-12]. As 
Keefer [12] explains, at high pH, although condensation is fast, the rate of 
production of Si02 is slow. Owing to the high solubility of the intennediate species, 
there mU be low level of super saturation, which produces only a small number of 
large silica nuclei. These nuclei are the preferred sites for further precipitation of 
reacted species leading to the fonnation of dense clusters. This type of growth 
process is known as Ostwald ripening. 
Acid-catalysed hydrolysis produces weakly cross-linked or linear polymers. This is 
attributed to the high reactivity of species mth a low degree of hydrolysis (due to 
their higher electron density) [10]. When these undergo condensation, a large 
number of unreacted sites remain in the newly fonned network. In contrast to basic 
hydrolysis, acid hydrolysis is a heterogeneous reaction, with products being 
produced at different stages of the reaction [16], giving rise to a mde distribution 
of different degrees of condensation [15]. Assink et al. [15] support the general 
belief that the overall kinetics of the acid-catalysed reaction of TMOS is 
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determined by the slow condensation step, which is also responsible for the 
presence in the medium of a wide number of intermediates (detected by NMR). 
It has been argued by Keefer [10] that there are ways of increasing the cross-
linking density of the silicate network structure formed under acidic conditions. 
One is by reducing the pH to a limit of -2, where hydrolysis is at its maximum rate. 
The effect of speeding up hydrolysis at the expense of condensation would be for 
more silicate to reach a more advanced state of hydrolysis, therefore acquiring a 
greater number of active sites capable of cross linking. 
In acidic environments, an important issue is the reversibility of reaction. Under 
mild acidic conditions, and in the presence of excess solvent, re-alkoxylation is 
possible, converting silanols (especially the well-hydrolysed ones [16]) back to the 
alkoxy [10, 17] irrespective of the degree of condensation. If the pH is not 
sufficiently low, the silanols are neutral and become liable to attack. Re-
alkoxylation is, therefore, the main reason for the higher amount of residual 
organic matter in acid-catalysed gels than in base-catalysed gels [10]. 
iii) Water 
Simple stoichiometry clearly show that the mmlmum ratio water/alkoxide (r) 
required for hydrolysis to go to completion is 2, a conclusion supported by 
theoretical models [18]. According to Y oldas [19] at r = 4 orthosilicic acid is 
formed, which has a very large intermolecular separation, and therefore is unable to 
polymerise. In contrast, the silicate network Si(04)1I2, completely void of hydroxyl 
groups, is formed through polymerisation at r= 2. 
In practical terms, excess of water (r > 2) is expected to cause an increase in the 
rate of hydrolysis compared to condensation[20]. In acidic conditions, hydrolysis 
predominates [10] and goes to completion, leading to a decrease in the content of 
intermediates [21] and to the development of a more cross linked polymer [22, 23]. 
In high water/acidic conditions, Sakka et al. obtained spherical and highly cross-
linked silicate particles, but not surprisingly, under low water conditions, the 
particles were transformed into chain-like aggregates. 
A kinetic justification for these observations is that under low water conditions the 
condensation of hydrolysed monomer (whose product is water) is inhibited by a 
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shift of the equilibrium in favour of the reverse reaction, consequently encouraging 
further hydrolysis [23]. Despite the effect of water on relative rates, both hydrolysis 
and condensation are accelerated by higher water contents [14, 16]. 
The generalised effects of water in basic conditions are not dissimilar to those for 
acidic conditions. However, from observations by Klein et al. [4], it is clear that 
excess of water affects hydrolysis more than condensation, leading to solutions that 
kinetically resemble more closely acid-catalysed solutions rather than base-
catalysed solutions with under-stoichiometric water content. 
The water-to-alcohol concentration ratio plays an important role in acidic solutions 
as it dictates the probability of re-alkoxylation. During drying, the component 
present in higher concentrations inevitably remains in the sol-gel solution. Whereas 
water would continue to hydrolyse unreacted sites, alcohols tend to re-esterify 
silanols, hence driving the re-alkoxylation reactions to completion [10]. 
iv) Solvent 
An important factor in sol-gel reactions is the type of solvent used. It affects the. 
rates of hydrolysis and condensation and, consequently, also the structural 
development of the silicate. 
Alcohols, depending on the size of the alkoxy group, provide different solvent 
environments for the hydrolysis reactions. Yoldas [8] argues that the smaller the 
alkyl radical of the alcohol is, the higher the rates of both hydrolysis and 
condensation reactions, leading to more complete networks of higher silica 
contents[8, 19]. The effect of the alcohol molecule's size is diminished at higher 
monomer concentrations, where the relatively higher viscosity of the system 
reduces the diffusion capability. 
Other types of solvents have been also used: 
(a) polar protic, such as H2O, methanol and formamide; 
(b) polar aprotic, such as DMF, THF and acetonitrile; 
(c) non-polaraprotic, such as dioxane; 
According numerous authors [IS, 17, 24, 25], the nature of the silicate network is 
determined by the level of affinity that the solvent has with the reactants during 
condensation. This depends on the dielectric constant of the solvent. 
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Polar aprotic solvents inhibit the condensation reactions by deactivating the 
nucleophile through H-bonding and by raising the activation energy through 
stabilisation of the nucleophile's negative charge. Polar aprotic solvents, as well, 
can decelerate condensation by solvating the reacting species (e.g., "'Si-O} Non-
polar aprotic solvents, on the other hand, cannot impede the condensation process 
because they offer no possibilities of either H-bonding or solvation on the 
negatively charged ions. 
Alcoholic solvents, such as ethanol (EtOH) and propanol (PrOH) form azeotropic 
mixtures with water. The azeotrope, which has a higher vapour pressure than each 
single component, evaporates first and leaves behind either water or alcohol 
(depending on their initial amount). If the alcohol is in excess, silanols re-esterify 
and the water produced is readily removed as part of the azeotrope, thus driving the 
reverse alkoxylation reaction to completion. Therefore, because the hydrolysis 
reaction is thermodynamically favourable, the composition of the sol-gel solution 
should be such that it ensures that water (and not the alcohol) evaporates last [10]. 
The effect of solvent concentration in acid-catalysed hydrolysis is not entirely 
clear. However, in the case of base-catalysed solutions, it is known that by 
increasing the amount of EtOH within specific limits, hydrolysis is favoured, since 
species stay in solution longer and early condensation is prevented [4,19]. 
v) Alkoxide 
Shorter distances between reacting species increase the probability of mutual 
collision and lead to structures of higher oxide content [19]. Therefore the 
concentration of the alkoxide in the sol-gel system is an important factor. 
One of the earliest studies in this field was that of Aelion et al. [9]. They 
determined that the rate of hydrolysis decreases with the increasing of the length of 
the alkyl radical. Whether it is reduced diffusivity[8] or steric impediment due to 
the longer alkoxy group, the fact remains that molecular mobility is significantly 
impaired [2]. On the other hand, studies[26] involving -R groups ranging from 
methyl to butyl have revealed only a very weak effect ofthe size ofthese groups on 
hydrolysis. 
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Condensation is also affected by the nature of the alkyl radical, since the diffusivity 
of intermediate species having long non-hydrolysed groups attached to them, is 
reduced. 
If one or more of the groups attached to the silicon is non-reactive, the network 
structure is modified. If, indeed, the number of these RI groups is equal to 2 in 
structures such as R\Si(OR)2 only linear polymers are formed, RIlSiOR being 
chain terminators [2, 8]. 
vi) Steric effect 
The effects of steric impedance associated with the chain length of the alkyl radical 
have been discussed in the previous section. Steric effects also account for the 
prevention of re-esterification during a base-catalysed reaction. Assuming that the 
SN2 mechanism is predominating, the inversion of the tetrahedron and the necessity 
for back-side attack are the factors that account for the difficulty in the occurrence 
ofthe reverse reaction[10, 12). 
The probability of further reactions taking place after condensation of incompletely 
hydrolysed species is greater in the case of acid-catalysed reactions. Because of the 
absence of inversion, the low degree of cross-linking in an acid-catalysed solution 
constitutes a smaller obstacle to the continuation of reactions. Consequently, under 
equivalent conditions, where both basic and acidic catalysis favour condensation of 
non-hydrolysed species, acidic catalysis is the best effective way of allowing 
hydrolysis to go to completion[\ 0). 
vii) Aggregation and growth of polyalkoxysilanes 
In the reports of Keefer[IO], the silicates formed under either basic or acid 
conditions, are described as fractal in nature. Fractals are structures resulting from 
random growth processes. They have dilational symmetry and because of this, their 
appearance remains unchanged after magnification. In mass fractals, the volume 
occupied grows faster than the mass that generates it. Surface fractals, on the other 
hand, are highly complex structures with a surface area that increases with mass at 
a faster rate than normal (Euclidean) objects. 
Fractal dimensions, in silicate systems, may be determined by x-ray, neutron or 
light scattering measurements, while the growth of domains can only be simulated 
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by computer models. Typically, fractal geometry describes silica structures on the 
basis of the relative rates of hydrolysis and condensation [10]. For base-catalysed 
reactions, using the poisoned Eden model (a reaction-limited monomer-cluster 
aggregation model), structures range from non-fractal (at high water 
concentrations), to colloidal (with fractal rough surfaces), to true fractal 
(polymeric) (at lower water concentrations). In acid-catalysed systems, where the 
small particles involved tend to form branched polymers that grow by polymer-
polymer interactions, the resultant structures are shown to be true fractal by the 
RLCA (Reaction Limited Cluster-cluster Aggregation) model. 
The idea that silicic acid monomer can polymerise into siloxane similarly to 
organic polymers, is rejected by Her. His classical theory of polymerisation of 
silica [11] involves polymerisation of the monomer to first form particles, which 
then grow and coalesce with other particles to form weak-lace type of structures. 
At concentrations above the solubility limit of silica (100-200 ppm). Si(OH)4 
polymerises by condensation at rates controlled by either the concentrations of OH" 
or It' ions in the way discussed previously. The tendency to form .,Si-O-Si: bonds 
at the expense of silanol groups, leads to the fonnation of cyclic structures and their 
subsequent growth by addition of monomer into large three-dimensional polymers. 
These internal condensation reactions produce compact entities with pendant 
silanol groups for subsequent growth. Particle size at this point is important 
because it detennines the radius of curvature of the surface that controls the 
solubility of the particle. Solubility is also detennined by the degree of 
condensation within the particles. The largest and most condensed particles survive 
and continue to grow by the Ostwald ripening mechanism. At pH > 7, where silica 
dissolution and re-deposition rates are high, this activity leads to particles of 
colloidal dimensions. At high pH up to 10.5 and moderate solution concentrations, 
negative charges on particles cause mutual repulsion and growth without 
aggregation [9]. High temperature has a similar effect, since accelerated growth 
leads to a small number of larger-sized particles[ll, 27]. Charges may be reduced 
by the addition of a coagulant (for example, Na + ion of a salt such as Na2S04 or 
NaCI) in which case aggregation can occur. At too high salt concentrations, 
precipitation is observed. At low pH, where the rate of polymerisation (and de-
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polymerisation) is slow, particles are very small in size and further growth is 
discouraged. Under these conditions, the tendency to form networks rather than 
oversized particles is more pronounced. This effect is due to the low ionic charge 
on particle surfaces, which allows higher rates of inter-particle collisions. 
Therefore, at a 'high' concentration of Si02 >1%, aggregation of very small 
particles is possible. At pH levels ranging from 5 to 6, there is a rapid simultaneous 
formation and aggregation of particles [11). The above processes and the effects of 
pH are shown in Figure 2-5. 
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Figure 2-5 Polymerisation behaviour of silica [after ner] 
Aggregate particles attach to each other through siloxane bonds. These bonds result 
form the condensation of surface silanol groups and Si-O- ions at the point of 
contact between the particles. The negative curvature at the point of inter-particle 
contact accounts for the very low local solubility. This pushes the process of 
further bonding through fast monomer deposition [11]. The hydrogen bond plays 
an important role because it's the link between silanol and siloxane groups of the 
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particle surfaces, directly or through water molecules. H-bonding will be present 
even up to advanced stages of aging and desiccation (28). 
The process of chain and branch forming is only present in those systems that 
prevent excessive growth by keeping repulsive charges to low levels. At pH 2, the 
overall net charge is zero (due to the occurrence of the isoelectric point of silica), 
but the polymerisation is still possible. It is hypothesised by Her [11] that the 
negative charge on Si-O- ions, presumably involved in the initial reactions between 
surface species, is counterbalanced by the positive charge on H+ ions present in the 
polymerising medium. 
2.1.5 Gelation 
This process is possible where repulsive surface charges are low enough to allow 
aggregation and growth. This condition will exist below a certain pH level. As a 
result of polymerisation into three-dimensional networks, an increasing fraction of 
the sol becomes occupied by micro gel regions (11). These regions, in contrast to 
precipitates, have the same refractive index and density as the surrounding sol, 
which explains the transparency of the system. 
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Figure 2-6 Polymer growth and gel formation in a) acid b) basic - catalysed 
systems. [after Drinker and Scherer] 
Prior to gelation point and under acidic conditions, the precursor of the gel consists 
of linear or randomly branched polymers having a low fractal dimension, while 
under basic conditions this is made up of individual highly branched clusters. At 
the gelation point, linear chains become entangled as they maintain their fractal 
structure, while branched clusters impinge on each other [3]. The viscosity at this 
stage increases asymptotically and a transparent gel is formed. 
The gel time depends exclusively on the pH of the medium, as shown below. It is 
possible to distinguish clearly three regions defined in terms of pH level, 
respectively: below 2, between 2 and 7 and above 7. 
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Figure 2-7 Variation of gel time with pH, [after Brinker and Scherer]. 
The region below pH = 2 corresponds to a maximum sol stability (i.e. long gel 
time), whereas the minimum, which corresponds to rapid gelation, occurs between 
pH3 and 4. 
The effect of the catalyst on the rate of gelation of silicon alkoxides follows the 
same trends as the rates of hydrolysis and condensation. Pope et al. [29] say that 
the dissociation constant of acids is not enough to explain their observed behaviour. 
They suggest that the nature of the acid anion (Cr', P-, CH3-COO') has an important 
role. Taking the example of the acetic acid (HOAc), they suggested that the acetyl 
groups react during the sol-gel reaction to form ethyl acetate. Sakka et al. [23] also 
observed the difference in the gelation behaviour of HOAc from stronger acids. 
The former produces a gradual increase in viscosity, while the latter give an abrupt 
change in viscosity when reaching gelation. 
The effect of HF catalyst observed at pH <2 has been explained by IIer. The P- ion 
is smaller in size than 'OH (which is active at pH > 2), so can act in its place to 
raise the coordination number ofthe silicon atom from 4 to 5 or 6. In this way it's 
possible to explain how the activated complex necessary for a nucleophilic reaction 
can be formed [29]. Acid catalysis, in the presence of the fluoride ion, accelerates 
both hydrolysis and condensation, hence the observed increase in gelation rate. A 
side effect of this reaction is that the fluoride ion, that can also partially substitute 
the oxygen in the structure of silica, reduces the amount ofH-bonded water as well 
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as the number of silanols. These reductions keep silica more hydrophobic causing 
the gel to retain lower amounts of water during the expulsion of the liquid phase 
[30]. 
The increase of water content in alkoxide solutions usually promotes gelation [23]. 
Results by Bechtold et al. [31] show hyperbolic relationship between gel time and 
H20/TEOS ratio, r, confirming the validity of the previous statement. Sakka et al. 
explain [23] that a too high water content tends to produce a counter-effect of 
dilution, therefore gelation is impeded rather than promoted. 
The findings ofBoonstra et al. [32J provide indirect evidence of the effect of small 
additions of water above the stoichiometric amounts. In their two-step reactions 
with TEOS, a small excess of water added, either at the initial acidic step or at the 
subsequent basic step, produces an HzOlEtOH ratio that favours the formation of· 
OH groups in greater amounts than EtO· terminal groups on the surface of the 
particles. Considering that the ·OH groups increase the growth rate, gelation under 
these conditions is reached faster. 
An increase in the concentration of the alcoholic solvent leads to a decrease in the 
monomer concentration due to dilution. Therefore, the polymerisation rate 
decreases due to a decreased rate of intermolecular collisions, and gelation is 
delayed [2]. 
Polymerisation rate, and therefore gelation rate, falls with increasing alkyl group 
chain length, whether the group belongs to the alkoxide or the alcohol. Behind this 
effect there are steric reasons that follow the same logic as with the rates of 
hydrolysis and condensation. Enhancements in monomer mobility by 
transesterification with a smaller ligand from a lower alcohol can reduce the gel 
time. 
2.1.6 Other considerations about the transition of sol to gel 
Several approaches have been taken to define the gel point. Arbitrary parameters 
such as the paint of no fluidity [11, 31], are useful measures of gel time, but are not 
very accurate, and therefore, they cannot give information about viscosity changes 
taking place. This information, on the other hand, can be provided by rheological 
measurements using cone, plate or coaxial cylinder rheometres. 
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Several authors have reported that the sol-gel transition of acid-catalysed TEOS 
solutions takes place in three stages [33, 34]. In steady shear experiments, XU et al. 
[33] observed that during the first stage, the sol exhibits Newtonian behaviour, so 
that the viscosity is independent of the shear rate imposed by the measuring 
instrument. Although the mono mer is polymerising, the formation of aggregate is 
not dominant and therefore the increase in viscosity is small. During the second 
stage, a steady increase in viscosity is observed due to the formation of linear 
polymers, and at the third stage, a more pronounced increase in viscosity occurs as 
a result of the formation of 3-D networks [33]. 
Sacks et al. [34], using dynamic viscometry measurements, have found that the loss 
modulus (GII), grows at a higher rate than the elastic modulus (G1) during the initial 
stage. This happens because the energy dissipation during flow (which contributes 
to GII) is more significant than the weak polymer-polymer interactions (which 
contribute to G1). As a result, the loss tangent (tan 8), in this stage, also increases. 
In the second stage, the tan 8 decreases as G1 grows faster than GII due to a large-
scale aggregation of hydrolysed monomer. The sol starts developing an elastic 
character and displays shear thinning in response to applied shear stresses. 
Thixotropic flow, accompanied by pronounced yielding and hysteresis effects, is 
observed at the last stage before the onset of gelation, where the loss tangent 
decreases even further and the extensive network gives rise to large G1 and GII. 
The definition of gel point in terms of rheological behaviour of solutions IS 
essential if the phenomena that bring about the appropriate conditions for 
manufacturing techniques are to be understood. For example, Sakka and co-
workers [35, 36] reported that the sol must have optimum spinability to enable 
fibre drawing and film casting. However, apart from recognition of the importance 
of the chemistry of the solution (low water acid-catalysed TEOS) and the 
requirement of linear polymeric chains, only arbitrary viscosity levels have been 
stipulated for the optimum consistency of the sol. 
2.1.7 Ageing and drying of gels 
The effect of time on structure is known as agemg [19]. Since condensation 
reactions take place the properties of the gel can also change. The solubility of 
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silica decreases, and so does the specific surface by the loss of porosity. The 
accompanying increase in skeletal stiffiIess causes a marked increase in the 
modulus of aged gels [2]. 
The cause of the changes in gel structure originates from the early stages of its 
formation. Phase separation is possible either in the form of density fluctuations 
across regions of high and low cross-link density, or by creation of monomer-rich 
and monomer-poor areas by having high rates of depolymerisation under 
conditions of high solvent concentration [3]. Indeed, most parameters that control 
hydrolysis and condensation are very important to determine the nature of the 
resultant gel structure [2-4, 19]. 
In aerogels, the liquid solvent is replaced by a supercritical phase, eliminating the 
interfacial (liquid/gas) tension, capillary pressure and preventing fracture or 
warping. The result is a silica body of up to 95% fine porosity. Xerogels are 
sintered aerogels, but they are still porous. The theory of drying gels has been 
studied extensively [37, 38]. 
Conditions that lead to weak networks are constrained to result in high structural 
compaction because under the influence of capillary forces, coming from drying, 
flexible branches deform and collapse to a greater extent. Therefore, as a principle, 
low pH and low water contents produce dense gels whereas high pH (6 - 10) and 
high water contents produce gels of high porosity. See Figure 2-8. 
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Figure 2-8 Representation of desiccation of a) acid b) basic - catalysed gels, 
[after Brinker and SchererJ 
Since large pores lead to lower surface extension and provide wider paths for the 
evaporation of volatile molecules, these systems develop lower drying stresses and 
are less susceptible to fracture [3, 29, 39]. Acidic systems can be made to behave 
similarly to the basic ones if treated in conditions that promote particle growth 
[40]. 
The function of substances such as DMF [23, 41) and formamide as drying control 
chemical additives is to regulate the relative rates of hydrolysis and condensation, 
so that larger particles of uniform size are formed. During ageing, a tight size 
distribution of large pores is achieved that facilitate the expulsion of volatiles, 
keeping capillary stresses at safe level [42]. 
2.2 Organic Inorganic Hybrids 
2.2.1 Introduction 
During the last 10 years a new technology has been developed for the production of 
heterogeneous nanostructured materials containing organic and inorganic 
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components. Such materials are normally known as organic-inorganic hybrids, 
ceramers or nanocomposites and are characterised by two interpenetrating domains 
having nano-scale dimensions. Organic-inorganic hybrids can be obtained by 
dissolving preformed polymers into a sol-gel precursor solution, consisting of a 
metal-alkoxide, a catalyst and, optionally, a coupling agent. The alkoxide 
components are allowed to hydrolyse and undergo condensation reactions to form 
glassy inorganic oxide domains in a polymer solution. Alternatively both the 
organic and the inorganic phases can be formed together through the simultaneous 
polymerisation of an organic monomer (or oligomer) and sol-gel reactions of the 
inorganic oxide precursors. 
Hybrid materials have an Immense potential for applications in a variety of 
advanced technologies, both as structural materials and as functional materials. The 
primary properties of structural materials include strength, stiffness and toughness, 
while secondary characteristics include protective barrier, thermal oxidative 
stability and absorption resistance. Functional nanocomposites, on the other hand, 
will have high order characteristics, such as tailored reflection characteristics, non 
linear optical effects [43], optical transparency, electrical and photo catalytic 
properties [44, 45], biological compatibility [46, 47] and many other desirable 
attributes such as tailored porosity [48]. 
The properties of a composite material depend not only upon the characteristics of 
the single components but also upon the composite's phase morphology and 
interfacial properties. One approach to increase the latter property is to blur the 
ordinarily sharp interfacial zone by synthesising materials, which show a high 
degree of interpenetration between the two organic and inorganic phases. The 
degree of phase separation in these materials can vary, but domain size is typically 
on the nanometer scale. As a result of this intimate mixing, these hybrids are highly 
transparent: a property that renders them valuable outside the boundaries of 
traditional composites. Traditional composites tend to be largely opaque because of 
light scattering by the particles within the continuous matrix. In addition to the 
domain size, the most important factors in determining the transparency of 
composites are the shapes of the domains and the relative difference between the 
refractive indices of the two phases. For discrete spherical particles embedded in a 
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matrix, the reduction of light intensity due to scattering is given by the equation 
below, where 10 is the intensity of transmitting light with no scattering, I is the 
intensity when scattering takes place, x is the optical path length, Vp is the volume 
fraction of particles, r is the particle radius, A. is the wavelength and, np and nm are 
the refractive indices of the particles and the matrix [49]. 
From the above equation is clear that when the refractive index of the matrix is 
equal to that of the particles becomes 1=10, so there will be no scattering by the 
solution. On the other hand, when np'" nm, scattering losses will be minimised only 
when the particle's dimensions are much smaller than the wavelength ofIight (/« 
.1.4). 
2.2.2 Types of organic-inorganic hybrids 
In order to produce a classification of hybrid systems, Novak [50) divided them 
into five major classes based on their macromolecular structures and phase 
connectivities. 
Type I: Soluble, preformed organic polymers embedded in an inorganic network. 
This family of hybrids is the result of the most common route used to form organic-
inorganic composite materials through the sol-gel process. It involves carrying out 
the inorganic hydrolysis and condensation of the inorganic phase precursors in the 
presence of a preformed organic polymer. 
Type II: Embedded, preformed organic polymer covalently bonded to the inorganic 
network. 
This class of composites, as the previous one consists of linear polymers dispersed 
in organic glass matrices but, plus the benefit of planned covalent links between the 
two phases. 
Type III: Mutually interpenetrating organic-inorganic networks 
This type of hybrid is the result of the efforts to solve some practical processing 
problems of the two previous classes of hybrids. The main feature of these hybrids 
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is that their formation involves the in situ formation of the organic polymer and the 
inorganic matrix. 
Type IV: Mutually interpenetrating organic-inorganic networks with covalent 
bonds between the organic and the inorganic phases. 
This type of hybrids has the same features than the previous one but this time the 
two phases are linked also by covalent bonds. 
Type V: "Non Shrinking" sol-gel composite materials. 
Novak introduced this class of hybrids in order to identify some of the hybrids 
produced by his group that had the idea to solve shrinking problems that usually 
characterise all the previous types of hybrids. 
2.2.3 Simultaneous Formation of the Inorganic and Organic 
Networks 
Despite the excellent performance of many hybrid materials, type I and IJ, 
mentioned previously, the methods of forming composites by the incorporation of 
preformed polymers into sol-gel glasses is essentially limited by the fact that only a 
finite number of polymers are soluble in the sol-gel solution. Under the right 
conditions the polymer can be trapped in the inorganic system, or vice versa, before 
significant phase separation occurs. In this way, transparent organic-inorganic 
composite materials can be prepared which contain organic polymers that would 
normally be insoluble in typical sol-gel solutions. 
The solution of this problem has been approached in many ways. One of these 
consists in modifying one or both the organic and the inorganic components of the 
composite, in order to render them compatible with each other. The modification 
consists of adding to either the organic or the inorganic component, functional 
groups similar in nature of the other constituent. Such modifiers are also known as 
coupling agents. 
Mascia and Tang [51], for instance, successfully prepared hybrids of epoxy resin 
and silica through functionalisation of the organic polymer with mono and di-
functional secondary amme trialkoxysilanes, such as Y -9669 (n-
phenylamino propyltrimethoxysilane) and A I 170 (y-trimethoxysilylpopylamine). 
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Mascia and Kioul [13, 52-54), used GOTMS (y-glicidoxypropyl-trimethoxysilane) 
in their work with polyamic acid solutions in NMP and hydrolysed solutions of 
TEOS. Transparency in film cast in solutions with enough amounts of GOTMS 
was found to be a function of mixing time and temperature. The authors attributed 
the transition of the films from a cloudy to a transparent appearance to 
compatibilisation of the polymer and the developing siloxane by trimethoxyl 
functionalities grafted to the polyamic acid backbone by the coupling agent through 
the carboxylic acid groups present. These functionalities were expected to 
subsequently take place into the formation of the inorganic network. 
Mark and co-workers [55, 56) have also reported a work where a coupling agent 
was used to increase compatibility In PMDA-ODAlSi02 hybrids. 
Aminophenyl trimethoxysilane reacted with the polyamic acid and later added to 
TMOS produced smaller Si02 clusters of better size distribution, possessing 
physical bonds with the surrounding matrix. In a parallel work, the same group 
premixed the coupling agent with the TMOS solution showing the potential for 
better transparency and higher thermal stability in films. It was postulated that the 
improvements in properties seen by the addition of aminophenyltrimethoxysilane, 
were due to the improved compatibility of the polyimide and the siloxane arising 
from interconnectivity through amino groups, from the coupling agent, and the 
large surface area created by the small size ofthe clusters [57]. 
Ober and Johnen [58) have also produced transparent hybrid films by incorporating 
a bonding site via a preliminary grafting reaction of the polyamic acid with 
y-aminopropyltrimethoxysilane and via the incorporation of a PDMS segment 
whose scission by the reaction with water allowed attachment to the PMDAlODA 
polyamic acid backbone. 
Schmidt synthesised Ti02/Si02-epoxyde composite materials displaying excellent 
transparency, hardness and wettability [59). This was achieved by the sol-gel 
condensation of GOTMS (y-glycidoxypropyltrimethoxysilane) with titanium 
alkoxides. The siloxane was used to provide wettability, thanks to the hydroxide 
groups formed by the epoxide ring opening, and the Ti02 was introduced in order 
to produce a complete inorganic network. The reaction can be schematised as 
follows. 
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Figure 2-9 Schematic representation of Schmidt condensation [after SchmidtJ 
Reflecting their inorganic character these composite materials exhibited relatively 
low strength and were brittle. In order to increase the flexibility, an organic 
polymer poly-methylmethacrylate, commercially available as methacrylate 
monomer possessing alkoxysilyl functional groups, was added through an in-situ 
polymerisation. 
The advantages of SIPNs (Simultaneous Interpenetrating Networks) [50] approach 
over using prefonned polymers to fonn sol-gel derived composites are various. 
First of all, by incorporating bifunctional monomers, the SIPN approach allows to 
cross-link the organic polymer, thereby locking-in the interpenetrating phase 
morphology. This approach allows the in-situ fonnation and thus the homogeneous 
incorporation of polymers, which nonnally wouldn't be miscible. Lastly, these 
materials typically display greater homogeneity and smaller domain size than 
comparable prefonned materials. 
2.2.4 Structure property relationship for hybrid materials 
Typical advantages of organic polymers are low rigidity, low density, high 
toughness, and easy processing whereas ceramics have very high rigidity and 
strength including high surface hardness. Depending on composition they can also 
have a high refractive index. Combining polymers and ceramers effectively will 
produce a new class of high perfonnance materials generally known as organic-
inorganic hybrid materials. Because of the continuity of phases, their 
nanostructured and the interfacial interactions, the properties of these materials can 
exceed those predicted from conventional composites [51, 59-63]. Indeed, 
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materials at interface can constitute a separate phase known as "interphase" [51, 59, 
61], which can contribute substantially to the overall properties of hybrid materials. 
The homogeneity or separation of phases in the developing hybrid have been 
studied extensively [64-70]. 
The variables affecting the structure and properties of hybrids have been discussed 
by Landry et al. [71], who have examined by SAXS two different samples of 
organic-inorganic silica composites, and proposed morphological models to 
describe them. EAS (triethoxysilane-end capped bisphenol-A epoxy resin) was 
reacted with TEOS under slightly basic conditions, and a random copolymer 
MMA-TMS (trimethoxysilane-methylmethacrylate) was reacted with TMOS 
(tetramethoxysilane) in acidic medium. It was concluded that the inorganic phase 
in the EAS-TEOS hybrid, exhibits particle like characteristics at length scale less 
than 250A, and the organic-inorganic components are co-continuous at larger 
distances. The MMA-TMS based hybrid, on the other hand, is better described by 
co-continuous organic and inorganic phases (IPNs) with a periodic fluctuation of 
about 40 A. This difference in morphology can be probably examined in the 
following terms. In the acid catalysed MMA hybrid the TMOS is expected to form 
a branched polymer structure. Once most of the solvent is removed, phase 
separation is likely to occur to form a co-continuous interpenetrating network 
between the organic polymer and the inorganic polymer phases. A tentative of 
schematic representation of the morphology is shown in Figure 2-10. 
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Figure 2-10 Schematic representation of the morphology of an OIC hybrid 
based on the simulations results for SAXS profiles. It features co-continuous 
organic and inorganic phases. Microphase separation is proposed to occur by 
localisation of the inorganic phase in tbe mesh regions of the cross linked 
polymer. Some attachments of the inorganic alkoxides to the functional sites 
on the polymer are possible (black-filled circles) [after Landry and Coltrain] 
Much of the inorganic phase is preferentially positioned within the "polymer free" 
regions of the cross-linked polymer network. The idea of discrete inorganic domain 
morphology was suggested also by Wilkes and co-workers [72-74], where the 
inorganic domains are formed at the functional sites on the polymer, accompanied 
by chemical cross linking at the organic-inorganic interface. 
Yano et a1. [75] prepared organic-inorganic silica hybrids following two different 
approaches. One method involved mixing the organic polymer HPC 
(hydroxypropyl-cellulose), PVA (poly-vinyl-alcohol) or PVDF (poly-vinylidene-
fluoride) with TEOS. During the sol-gel process, in this way, the inorganic mineral 
is deposited in the organic matrix forming hydrogen bonding between inorganic 
phase and inorganic phase. In this case hydrogen bonding plays an important role 
in avoiding phase separation. The other route followed by these authors, was to 
introduce triethoxysilyl groups into the organic polymer prior to the sol gel reaction 
with TEOS involving covalent bonds between the two phases. This time the 
L-__________________________________________________ _ 
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polymers used were PPO (poly-propylene-oxide end-capped with triethoxysilane) 
and the copolymer VacNTES (vinyl-acetate/vinyl-triethoxysilane). The 
experiments conducted on the first type of composite showed that with the 
increasing amount of TEOS content there is an increase of dynamic modulus. But 
no change in tan (8) was observed, apart from a decrease of the intensity of its 
peak, because the molecular motions of the organic polymer are not restricted by 
the deposited silica component. Shown below is a proposed hypothetical 
morphology for the PVDF/Si02 hybrid. 
Figure 2-11 Model ofPVDF/Si02 hybrid morphology [after Yano et al.]. In the 
proposed model it is possible to distinguish well, zones where the PVDF chains 
are crystallised, others where such chains are disorganised and others 
occupied by the silica particles (black filled zones). 
The SAXS profiles of the covalent bonded polymers show a large sharp peak and 
it's height increases when increasing the TEOS content. This is perhaps due to 
micro phase separation between silica reach domains and the organic polymer 
matrix. This time the tan (8) peak shifts to higher temperatures due to the molecular 
motions of the organic polymer being restricted by the silica rich domains. The 
small silica domains responsible for the low mobility of the organic polymer are 
visible in the morphology model proposed for the poly(propylene oxide )/silica 
(pPO/Si02) hybrid shown in Figure 2-12. 
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Figure 2-12 Morphology model of PPOISiOz hybrid [after Yano et al.J. The 
model proposed shows a system where the silica domains are dispersed in the 
polymer matrir:. The distance, measured from the centre, between each silica 
domain is expressed by rd. pis tlte density, in terms of silica, and it's fluctuation 
J.pbetween two domains goes from a maximum value (centre of the domain) to a 
minimum (polymer matrir:) 
A similar model is proposed for other triethoxysilane-terminated polymers such as 
PTMO [poly(tetramethylene oxide)] [72, 76, 77], PDMS [poly( dimethylsiloxane)] 
[78] and epoxy resins [71]. 
Wei et al. [79] have synthesised by the sol-gel method two different 
polymethacrylate-silica covalent-bonded hybrid materials. The polymers used were 
PMCM [poly(methyl methacrylate-co-3-trimethoxysilyl propyl methacrylate)] and 
PHEMA [poly(2-hydroxyethyl methacrylate)]. These results were comparable to 
those found by Yano et al. [75] The rapid formation of covalent bonds between the 
polymer and the silica during the sol-gel reaction prevents phase separation. The 
storage modulus and the Tg of the PHEMAlSiOz composite, increase with the 
increasing amount ofTEOS. 
Wilkes et at. [80] studied PDMS (poly-dimethyl-siloxane )/TEOS hybrids. They 
were among the first to report the synthesis of hybrids based on PDMS (poly-
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dimethyl siloxane) oligomers and silica from TEOS. The embedded inorganic 
phase conferred rigidity to these materials with a corresponding decrease in 
ductility. The properties were found to be substantially influenced by the amount of 
catalyst (HCI) added, leading to a better interdispersion of the two phases 
according to evidence from small angle x-ray scattering. The effect was attributed 
to kinetic factors, as the tendency for self-condensation of the oligomeric species 
through their silanol functionalities is retarded by co-condensation reactions, 
following the fast hydrolysis of TEOS [80]. Not surprisingly, the use of a larger 
amount ofTEOS [SO] and water, as well as additional thermal treatment [81], gave 
rise to a more highly cross-linked silica structure, leading to an increase in dynamic 
modulus. The molecular weight of the oligomeric species was also found to be 
important as far as it can influence the propensity of the condensing phases to 
segregate; not surprisingly, low molecular weight oligomers produce systems of a 
higher degree of homogeneity [80, 82]. Ning, Zhao and Mark [83] obtained similar 
results to Wilkes, using a system in which water for hydrolysis was generated in 
situ from the esterification reaction of acetic add and ethanol. 
In relation to homogeneity by virtue of the growth mechanisms and the resultant 
connectivity in hybrid systems, Black, Assink and co-workers [S4] have 
demonstrated the influence of the strength of the catalyst in the reaction of silanol-
terminated PDMS with TEOS by using dibutyltindilaurate (DBTDL) and tin 
octoate (TO) as catalysts. The more reactive catalyst TO was found to affect 
growth in a way that gave rise to a more highly phase-separated microstructure 
featuring a larger number of isolated Si02 domains. Their conclusions, obtained by 
varying the amount of TO in the formulations, can be correlated to those obtained 
by Wilkes and co-workers [SO) using HCI as catalyst. 
Hybrids utilising PTMO [poly(tetramethylene oxide] oligomers have also been 
synthesised. The main difference of the PTMO-TEOS system, investigated by 
Wilkes et al. [82], to the PDMS-based system is the inclusion of triethoxysilyl 
terminal groups in the oligomers which increase the amount of linkages formed 
between the elastomeric and the rigid siloxane phases. The final materials showed 
improved mechanical strength and strain-to-break. The same team proposed a 
model based on SAXS data for the morphology of the hybrid from the PTMO-
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TEOS system. The model resembles that of a segmented copolymer displaying 
discrete micro-domains. Further treatments [85], involving solubilisation and 
leaching-out of part of the silica from within hybrid films by immersion into IM 
NaOH solution, caused the mobilisation of the oligomeric chains which led to more 
pronounced phase separation. These experiments provided the evidence for the 
structure of the proposed model consisting of the encapsulation of oligomer chains 
within the inorganic network. The use of an organic component of higher 
molecular weight than usual, in the form of PTMO-based polyurethane oligomers 
[72], has provided additional proof of the efficiency of increased functionalisation 
on structure-related properties. 
Triethoxysilyl groups along the backbone chain of the PTMO chains led to an 
increase in the number of linkages between the oligomer chain and the siloxane 
network. 
As a consequence of the greater connectivity of the phases, there was an increase in 
Tg, associated to an increase in modulus and strength and a respective decrease in 
strain-at-break. Furthermore, the SAXS observation of a decreased inter-domain 
distance with higher average number of pendant triethoxysilyl groups on the 
PTMO backbone indicated a higher interdispersion of the organic and the inorganic 
phases. 
Chan and co-workers [86-88] synthesised poly(methyl methacrylate)] 
PMMAlsilica hybrids via the sol-gel process, and observed that the glass transition 
behaviour depended on the heat treatment. Through Infra Red and Differential 
Scanning Calorimetric analysis they founded that heat treatment causes further 
condensation reactions, which consume silanol groups and diminish the hindrance 
effect from ethyl group of unreacted silanol, at the same time the quantity of 
domains composed of pure silica increase. 
Hydrogen bonds can be formed from carbonyl groups and silanol groups of the 
organic and inorganic phases. With the higher interfacial interactions from 
hydrogen bonding, heat treated hybrid materials acquire higher miscibility. Hence, 
PMMAlTEOS hybrids exhibit, in DSC experiments, two glass transition 
temperatures. But After heat treatment at 180°C for 24h such hybrids showed 
closer glass transition temperatures or, in certain cases, only a single T g, meaning 
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that the phase separation between the organic and the inorganic components was 
reducing or in some cases disappearing. 
Ochi and co-workers [89] synthesised Epoxy Silica hybrids containing up to 20% 
of silica from DGEBA (Epoxy resin Epikote 828) and GOTMS (glycidoxy-propyl-
trimethoxysilane) or TMOS (tetramethoxysilane) by sol-gel process. TEM 
examinations showed a very inter-co-penetrated hybrid structure. The conclusion 
reached by Ochi et al. was that the fine silica particles visible at the TEM did not 
contain pure silica, but a mixture of silica and epoxy network. In the 
DGEBAlGPTMS hybrids the storage modulus in the rubbery region increased and 
the peak area of the tan (8) curves in the glass transition region decreased with the 
hybridisation with silica. These results, combined with those from the TEM 
analysis, showed that the silica network was dispersed in epoxy network in a 
molecular order by covalent bonds so that the motion of the network chains is 
strongly restricted. This result was attributed to the suppression of the epoxy 
network constituent with the incorporation of a silica network containing a 
functional (epoxy) group, which can react with the organic component. 
2.3 Poly(Ethylene Oxide) Systems 
2.3.1 Synthesis 
Poly( ethylene oxide) is produced by ring opening of ethylene oxide in a step 
reaction polymerisation. 
The ring opening is obtained with a variety of ionic reagents. The developments in 
the use of coordinated anionic catalysts for the stereo-specific polymerisation of 
olefins have led to their application and modification for the production of PEOs. 
The polymer is divided in two different classes with common names based on the 
molecular weight: 
I) Poly(ethylene glycol) for Mu of the range 600-20,000. 
2) Poly( ethylene oxide) for Mn 100,000 up to 8,000,000. 
PEGs and PEOs display good stability and hydrophilic power, so that they can be 
mixed with water to a wide range of viscosities. With the increase of molecular 
weight the melting point of PEGs increase and they change from viscous liquids to 
35 
Carlo Capra - IPTME Ph.D. Thesis 
soft solids to flexible/ductile solids. They exhibit very low toxicity and are not 
irritant to skin or eye [90]. 
The chemical structure of the polymer is HO-(CHz-CHz-O)n-H. The presence of 
ether linkages in a very short hydrocarbon chain gives a tough, ductile, highly 
crystalline thermoplastic that is also very soluble in water. SAXS data indicate that 
PEO forms relatively compact units in water rather than swollen random coils[91]. 
The polymer exhibits a monoclinic crystal structure with a unit cell consisting of 
two ethylene oxide polymer chains present in the form of parallel helices. 
2.3.2 Hybrids of PEO with Silica 
Studies have shown that silica and PEO have strong interaction, because the silanol 
groups (Si-OH) of the surface of the hydrophilic silica interact with the ether group 
of PEO: the crystalline structure the polymer is disrupted and phase 
interpenetration occurs [92]. The silica surface and the PEO are interacting by 
hydrogen bridges throughout the polymer chain [93]. Many preparations of silica 
have been researched, both preformed [94, 95] and prepared in situ via the sol-gel 
method [91,96]. When silica particles are exposed to a dissolved PEO chains, the 
hydrophilic and dipolar active hydrogen atoms on the silanols on the surface of the 
silica act as hydrogen-bond donating groups to the free electron pairs ofthe oxygen 
atoms of the PEO chains (hydrogen-bond accepting groups). When PEO is present 
in the silica alkoxide precursor solution it is considered to absorb on silanols of 
polymerising silica; this interaction makes the interface between the components 
unstable[97]. It was also observed that the change of mesopores in the silica 
structure during ageing, drying and heating was affected by the incorporation of 
PEO[96]. SAXS data indicate that the strong interaction between the organic and 
inorganic components arises relatively early in the condensation, when the silica 
oligomer growth is the size of several nanometres, which contain at least several 
tens monomers, and is probably accompanied by a disentanglement of the 
aggregated PEO chains and formation of aggregate complex silica oligomers-PEO. 
Due to the formation of hydrogen bonds between the silanols on silica and PEO, 
the number of free silanols sites should become less than the corresponding 
situation without PEO, leading to less branched silica network. Considering the 
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highly open structure of silica gel produced in acidic conditions, PEO chains are 
supported in the silica network in a quasi-interpenetrating structure after gelation. 
PEO chains within the network substantially inhibit the bond formation of Si-O-Si 
that occurs due to shrinkage during drying, leading to less fully condensed silica. 
To prevent the occurrence of spinodal decomposition and phase separation at the 
gel point, a trialkoxysilanes compatibilisation agent may be used, which chemically 
binds with the growing silica phase and the OH terminal groups of the PEO and 
considerably accelerates the gelation[98, 99]. 
By varying the composition of the alkoxysilanes solution mixture and the mixing 
conditions different morphologies can be obtained, raging from semi-
interpenetrating networks of PEO within highly cross-linked silica domains, to 
finely dispersed nanostructured systems, exhibiting either co-continuous or 
particulate structures [I 00]. The degree of crystallinity of the PEO phase in the 
compatibilised hybrid system is drastically reduced and the surface area is much 
larger than the equivalent silica system produced under the same conditions, as 
further evidence of strong interaction at the interface between the organic and 
inorganic components. 
2.3.3 Miscibility of PEO with Antioxidants 
Model studies of binary mixtures of PEO with phenolic compounds such as 
resorcinol shows the formation of bi-eutectic phase in the solid representing strong 
interactions between the phenolic OH group and the ether oxygen in the PE~. In 
such cases the small aromatic molecule forms both a pure component crystalline 
state and a stoichiometric crystalline complex with poly( ethylene oxide )[10 I] 
2.4 Ageing of polymers 
Polymers are susceptible to ageing through oxidative degradation throughout their 
life cycle. The extent of degradation depends on both their inherent sensitivity to 
oxidation, as dictated by their chemical structure and the presence of impurities, 
and the nature and aggressiveness of the service environment. High temperature of 
manufacturing and of use, aggressive and corrosive gases, acids and alkaline 
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liquids, oxygen in the air are all factors that contribute to degradation and 
weathering of the polymer. 
2.4.1 Mechanism of oxidation [102] 
The reaction of organic compounds with molecular oxygen happens inevitably 
whenever organic materials are exposed to the atmosphere. This oxidation is 
characterised by two features: autocatalysis and inhibition by additives. These 
features are generally typical for radical reactions, which, in turn, are almost 
invariably chain reactions. 
The general sequence consist of a starting reaction, generating free radicals (R'), 
propagating reactions, yielding reaction products (ROOH) and in a series of 
termination reaction leading to radical destruction. 
i) INITIATION 
RH ~ R· 
ii) PROPAGATION 
R· + O2 ~ ROO' 
ROO' + RH ~ ROOH + R· 
iii) CHAIN BRANCHING 
ROOH ~ RO' + 'OH 
2 ROOH ~ RO' + ROO' + H20 
iv) TERMINATION 
2ROO' ~ R-R + O2 
R· + ROO' ~ ROOR 
2R· ~ R-R 
The oxidation initiating polymer radical R· can form because of heat or light 
induced dissociation, mechanical stress or by reaction with radicals originating 
from foreign sources. 
Considering the two basic reactions of propagation, the two radicals R . and ROO . 
(alkyl radicals and peroxy radicals) are the high-energy key intermediates. In the 
kinetic treatment of oxidation it is assumed that a stationary state is reached in 
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which the concentration of R . and ROO . are constant. The reaction of addition of 
molecular oxygen to an alkyl radical is very fast, therefore at reasonably high 
oxygen pressure the concentration of the peroxy radical is far greater than the 
concentration of the alkyl radicals. Consequently, the main termination reaction 
under such condition is the coupling of two peroxy radical with dissociation of 
molecular oxygen. 
The key reactions of chain branching are both decay reactions of hydroperoxides. 
Such reactions are characterised by high activation energies. Consequently, they 
are becoming significant only at elevated temperatures, i.e. over 120 QC. The newly 
formed radicals RO . and· OH are capable to react with RH just as peroxy radicals, 
and thus can initiate new reaction chains: 
RO' + RH ~ ROH + R· 
. OH + RH ~ H20 + R . 
The autocatalytic character of this oxidation chain reaction is implied by such 
kinetic chain branching reactions. The decay of hydroperoxides is strongly 
catalysed by the presence of metal ion red-ox pairs, such as Fe+2/Fe+3, Co+2/CO+3, 
Mn+2/Mn+3, and Cu+/Cu+2. 
ROOH + Me+ ~ RO· + Me+2 + OH· 
ROOH + Me+2 ~ ROO· + Me+ + H+ 
2 ROOH ~ ROO· + RO· + H2O 
The overall effect is formation of two new radicals able to continue the kinetic 
chain just explained. 
The effect of this sequence of reaction on a polymer may be cross-linking or chain 
splitting. Cross-linking is the direct result of the termination reactions, while 
cleavage of the polymer chain is the result of reactions such as: 
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The experimental proofs and more detailed analysis of the oxidation chain 
reactions and the relative kinetics have been studied extensively[103-106J, 
although not all aspects have been clarified [107-109]. 
2.4.2 Oxidation in polyamides 
In the initiation step free radicals are generated. These radicals react with air 
oxygen and, in the propagation step, abstract the most labile hydrogen from the 
polymer chain, which results in an alkyl radical and a hydroperoxide. For amide-
containing the reaction products found can be explained by assuming that the 
carbon-hydrogen bonds of the N-vicinal methylene group are the most labile ones. 
The hydroperoxides formed can decompose thermally into radicals. This reaction 
can be homolytic, although other decomposition reactions are also suggested. The 
alkoxy radical formed can abstract a hydrogen atom and form an unstable alcohol, 
which decomposes to a primary amide and an aldehyde or results in scission. The 
termination reaction can take place between any two radicals that can meet. 
However, because of the high reaction rate of alkyl radicals and oxygen and the 
short lifetime of most radicals, the reaction between two peroxy radicals is most 
plausible. The N-vicinal methylene group are easily oxidised, and that means that, 
chemically, polyethylene is more stable than aliphatic polyamides. Nevertheless the 
long-term stability of polyethylene is less than the stability of aliphatic 
polyamides[JlO]. This means that besides chemical factors, physical factors are 
important for the degradation rate of aliphatic polyamides. For the degradation rate 
of polymers it is shown that the morphology, for instance, can play an important 
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role[ III J owing to different proportion of crystalline phase versus amorphous 
phase, where oxygen diffuses preferentially. 
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Figure 2-13 Basic oxidation mechanism for aliphatic polyamides [after 
Gijsman et al. J 
Traditionally, aliphatic polyamides are stabilized with small amount of copper salts 
(up to 50ppm) in combination with halogen ions such as iodine and bromine[112, 
I13J. The efficiency of this stabilizer system is surprising, because copper ions are 
known to act as prodegradants in polyolefins. Phenolic antioxidants help to 
stabilize polyamides by improving initial colour after polycondensation. At 
elevated aging temperatures, e.g. Above 150 QC, the copper/iodide stabilizer 
systems show best performance, but at lower aging temperatures, the phenolic 
antioxidant alone or in combination with a phosphite secondary antioxidant is more 
effective. Discoloration after oven aging does not parallel the drop in mechanical 
properties. Discoloration is observed after only a short period of aging, while 
tensile strength and elongation are not affected untillater[112J. 
Aliphatic polyamides find wide application as engineering plastics and fibre 
material, and during their normal use are exposed to sunlight. Photo aging is 
therefore a crucial mechanism of degradation, which acts in parallel with the solely 
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thermally activated process. The mechanisms of photo-oxidation were studied in 
great details with IR and UV spectroscopies, as well as chemical analysis [114], 
and new pathways of degradation are being investigated with the aid of new 
analytical methods, such as MALDI mass spectrometry[115]. 
2.4.3 Oxygen diffusion 
Usually at moderate temperatures and normal usage conditions, the permeability of 
oxygen is sufficient to reach almost its equilibrium solubility over the whole 
thickness of the polymer [116]. In this case the majority of radicals are present as 
peroxy radicals. Oxygen diffusion-limited effects occur when the oxygen 
consumption is comparable to the supply by diffusion. This can be the case during 
processing, when the oxygen concentration is low, but also in accelerated ageing 
experiments. The mobility of oxygen in the polymer is a factor of considerable 
importance in the stabilization of the material; the polymer-oxygen interactions 
which govern the permeability and solubility of oxygen in the polymer are 
influenced not only by the chemical composition of the polymer and its additives 
but also by the physical state of the polymer: plastic deformation, orientation, 
stress, and ageing itself change the physical condition of the material. These 
deformations change the free volume present in the amorphous matrix of the 
polymer, and a correlation between the oxygen permeability and free volume has 
been presented[117]. The free volume theory is based on the assumption that 
molecular mobility is determined by the amount of empty space available for a 
diffusion jump; according to this model, diffusion is faster in more open structures 
having a higher free volume. 
The oxygen uptake curves of polyamides typically show an auto retardant shape in 
contrast to the sigmoid shape commonly observed for polypropylene. For 
polypropylene, the amount of peroxides is related to the rate of oxygen uptake, 
whereas this is not the case for polyamides for which the role of hydroperoxides is 
less clear[118]. For polyolefins, the oxygen uptake curves are similar to those of 
liquid hydrocarbons and solid state oxidation has been almost exclusively 
interpreted in terms of homogeneous free-radical kinetics. However, for several 
reasons, oxidation of polymers in the solid state, especially semi-crystalline 
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polymers, must be heterogeneous in nature. Gugumus[104] suggested an 
alternative model explaining the observed increase in rate as a physical spreading 
of oxidation from localised regions of high oxidation rates due to a non-uniform 
distribution of initiation species in the virgin material[119]. 
2.4.4 Additives diffusion 
Generally the migration is considered a process where polymerisation residues or 
stabilisers can diffuse through the polymer matrix to the surface where they 
interrupt the radical chain of oxidation reactions. Some of the results for the studies 
on diffusion coefficients of additives in polymers are[120]: 
• the diffusion coefficient is related to the temperature and an Arrhenius-type 
equation is valid for these systems; 
• is dependent on the T" but a discontinuity can be observed at this transition 
temperature; 
• is dependent on the polymer morphology, i.e. crystallinity, orientation, etc. 
• is dependent on the molecular mass of the stabiliser. 
• the diffusion processes are dependent upon the melting temperature of the 
stabiliser and a discontinuity can be observed at this transition temperature. 
In 1974 Roe et al.[121] suggested an experimental method to study the diffusion 
concentration profile of a stabiliser assuming that a thick polymer film could be in 
principle considered as a stack of several thin polymer films maintained in strict 
contact. By this method, the stabiliser concentration in each thin film of the stack 
assembly can be monitored by some conventional and non-destructive analytical 
technique, such as FTIR or UV spectrophotometry. 
2.4.5 Measuring techniques 
Accelerated tests on oven aged samples at elevated temperatures using mechanical 
and chemical characterisation at regular ageing time intervals have routinely been 
used to estimate the oxidative stability and useful life of polymers. An alternative 
approach to the study of oxidation is to use rate sensitive techniques such as 
oxygen uptake, and chemiluminescence (CL). Oxygen uptake has been referred to 
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as the most direct technique measuring the consumption of the reactant oxygen, 
whereas the CL techniques measure the luminescence caused by oxidation products 
such as peroxy radicals or other species formed during oxidation[119]. A relatively 
new technique for studying the oxidative stability of a polymer is to use isothermal 
microcalorimetry for measurement of the weak heat generation accompanying the 
oxidation[122]. 
The Carbonyl index is a measure of the change in concentration of the C=O stretch 
band in the infrared spectrum of the polymer. Because carbonyl is one of the 
products of the oxidation of the carbon backbone, it relates directly to the extent of 
degradation. The infrared spectrum can also be inspected for indications on the 
behaviour of antioxidants present in the material, i.e. leaching out, diffusion 
through, consumption, provided the absorption peaks of the additives do not 
overlap those of the matrix polymer, or difficulties in the deconvolution process 
would result in unreliable data[l23]. 
Oxidation Induction Time (OIT) is performed with an isothermal DSC: the sample 
is heated rapidly to a standard temperature and then kept in a oxygen or air 
atmosphere; The time necessary to record the onset of a exothermal oxidation 
reaction of the material, compared with the unprotected polymer, is a measure of 
the protection level afforded by the additives. 
2.5 Antioxidants for Polymers 
2.5.1 Inhibition of oxidation [102] 
The effectiveness of antioxidants is based on the fact that they are able to influence 
the previously described process of oxidation in different ways, dependent on their 
chemical structure. Two large basic groups of antioxidant are distinguished: chain 
terminating, or primary antioxidants, and hydroperoxide decomposers, or 
secondary antioxidants, frequently called synergists. 
The majority of primary antioxidants are stericaUy hindered phenols or secondary 
aromatic amines. They are capable of undergoing fast reactions with peroxy 
radicals; therefore, they are frequently called radical scavengers. These will be the 
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focus of this investigation. The secondary antioxidants are essentially thioethers 
and esters ofthiodipropionic acid or triesters of phosphorous acid, i.e. phosphites. 
Research continue to develop improved antioxidants [124]and develop new classes 
of stabitisers[125]. 
Stabilisation is based on the following reaction scheme competing with the second 
propagation step in the radical chain reaction: 
CH, CH, 
ROO 0 + ROOH + 
OH o 
• 
• 
o o 
iI • +ROOo-
o 
CH, H,C H,C OOR 
This transform the reactive peroxy radical into a phenoxy radical, much less 
reactive because of resonance, which, in turn, is capable to react with a second 
peroxy radical according to the above scheme [126-128]. 
The thermal stability of the peroxycyclohexadienones is limited: their 
decomposition leads to new reaction chains also at temperatures below 150°C. The 
phenoxy radicals do not initiate new radical chains at the normal temperatures of 
use and testing, however, this propagation reaction becomes possible at high 
temperatures. This means that the effectiveness of stericaJly hindered phenols is 
decreasing with increasing temperature. 
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2.5.2 Hindered amine light stabilisers[129] 
In presence of UV radiation, another mechanism for the degradation of the organic 
material becomes accessible: free radicals are formed in polymers exposed to light, 
as a consequence of the excitation of light-absorbing functionalities in the polymer. 
In the presence of normal atmospheric oxygen the material will simultaneously 
oxidise (photo oxidation) following the chain reaction kinetic discussed above in 
2.4.1, the only difference being the cause of the initiation step. It is difficult to 
distinguish the pure photochemical processes from the thermal oxidation processes, 
which are superimposed and occur simultaneously. 
Mechanism of reducing the initiation rate, considered the most important step of 
UV stabilisation, include adding molecules that can act as UV absorbers, quenchers 
of excited states, hydroperoxide decomposers and free radical scavengers. 
Hindered secondary amines do not absorb light above wavelength of 250 nm and 
thus cannot be considered UV absorbers nor quenchers [130J. Researches have 
shown that, under photo oxidative conditions, sterically hindered amines are partly 
converted to the corresponding nitroxyl radicals, formed by reaction with 
molecular oxygen [131-134]. The mechanism is not yet completely understood; 
generally, it is now assumed that these nitroxyl radicals trap alkyl radicals 
appearing in the oxidation chain reaction to form N-alkoxy-amines, from which 
nitroxyl radicals are regenerated [135, 136]: 
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R' 
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R' 
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Because they act on different mechanisms of oxidations, often both types of 
antioxidants are added simultaneously to protect the polymer. Experiments to 
combine the hindered aminic and hindered phenolic moieties in the same molecule 
show promising results[137]. However hindered amine light stabilizers (HALS) are 
known to show synergism as well as antagonism with acidic compounds including 
phenolic antioxidants, in that a salt of both substrates accelerates the homolytic 
decomposition of hydroperoxides[ 13 8]. 
2.5.3 Physical and chemical requirements for antioxidants [102] 
Besides its main function of inhibiting the oxidation of polymeric materials, an 
antioxidant must fulfil a whole series of important ancillary properties, which are 
usually determining factors in assessing the practicability of a compound. Apart 
from cost considerations, these properties may be divided into three groups: 
chemical, physical and toxicological. Toxicological properties are of crucial 
importance for selection of antioxidants in polymers destined for food packaging; 
information on the extent to which approval is granted in different plastics is 
provided by the additives manufacturers, and will not be discussed here. 
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Chemical ancillary properties 
i) Discoloration 
An antioxidant has to be colourless and should contribute as little as possible 
to discoloration of the substrate during long term use. The colour caused by 
aromatic amines is the main reason for the fact that antioxidant of this type 
are less used in thermoplastics. Some yellowing may be observed also with 
sterically hindered phenols, caused by the formation of the oxidation products 
of the antioxidants [126-128]. Depending on the substrate polymer and the 
conditions of ageing, a yellowing effect may be caused mainly by the 
substrate or by the additive: polymers, such as polyurethanes, polycarbonates 
and styrenics, which change colour during the ageing, superimpose this effect 
to the yellowing of the additive itself. Antioxidant-caused discoloration 
during heat treatment in the processing is generally not very important; the 
effects are more complicated under conditions of artificial or outdoor 
weathering. 
ii) Thermal stability 
An antioxidant has to survive the conditions of manufacturing and 
processing. The commercially available materials all fulfil this requirement of 
short term heat stability at temperatures of up to 300 to 320 QC. 
iii) Hydrolytic stability 
Some commercial antioxidants are esters of carboxylic acids. Ester groups 
normally do not hydrolyse under conditions encountered by a polymer. 
Phosphites used as secondary antioxidants, on the other hand, are much more 
sensitive towards hydrolysis. 
Physical ancillary properties 
i) Handling 
Commercial antioxidants are usually free flowing powders with melting 
points of up to 250 QC or liquids of medium to low viscosity. To ensure 
storage and transportation stability, melting or softening points should not be 
below 50 QC. Dust-free preparations are preferred for health and industrial 
hygiene reasons. 
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ii) Solubility and emulsifiability 
Whenever the antioxidant is added during the manufacturing step of the 
polymer, it has to be introduced into the process in a suitable physical form. 
For some processes the antioxidant has to be soluble in the monomer or in the 
polymerisation solvent. In others, such as the ABS emulsion polymerisation 
process, the preferred method is to add the antioxidant as an emulsion. 
iii) Volatility 
In the final stage of the polymer manufacture (drying, monomer 
devolatilisation), an added antioxidant should not be lost through 
volatilisation. Many antioxidants, mainly long term heat stabilisers, are added 
during processing of the polymer: they should not volatilise or cause 
unwanted odour. Most commercial antioxidants fulfil this requirement. 
iv) Extraction resistance 
Resistance to extraction is generally a very important requirement: it is a 
condition for toxicological approval. Aggressive solvents environments can 
pose demanding requirements on the additives. 
v) Compatibility and migration 
With some polymer it is occasionally observed that additives tend to bloom on 
the surface of the material: such processes usually require a few weeks or 
months. Blooming is observed when the additives form a supersaturated 
solution in the polymer and have sufficiently high diffusion rates to migrate to 
the surface. Antioxidants are generally less soluble in polymers than in lower 
molar mass liquids. Studies have shown that diffusion coefficients are 
dependent on the polymer (glass transition temperature), its morphology 
(crystallinity, orientation) and on the additive itself: quantitative measurements 
of diffusion coefficients of additives in polyolefins and polyurethane are the 
subject of numerous publications [139-143]. A rough relation states that the 
susceptibility for blooming is about 1: 10 : 100 for polypropylene, high 
density polyethylene and low density polyethylene. 
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2.5.4 Strategies for improvement of the retention properties of 
the antioxidant in the polymer 
The effectiveness of antioxidants depends not only on their intrinsic chemical 
activity, but also on their physical retention in the polymer. Loss of antioxidant 
through migration into the surrounding environment, by leaching out into contact 
food constituents or by extractive action of aggressive solvents, leads not only to 
premature failure of the polymer article, but also to problems associated with health 
hazards and toxicological effects. The effects of various physical factors (e.g. 
solubility, diffusion, volatility, leachability) on polymer oxidation, stabilisation and 
antioxidant behaviour, both during high-temperature processing and in service, 
have been described [144,145]. 
In recent years, much research has been targeted at the different aspects of 
antioxidant permanence in an attempt to address the problem of their physical loss. 
To improve the extraction stability of additives different approaches have been 
followed [146): 
i) Synthesis of antioxidants with increasing molecular weight: generally, the 
compatibility is improved when the antioxidant and the host polymer have 
similar characteristics. Compatibility of antioxidants in non-polar 
hydrocarbon polymers, therefore, decreases with increasing antioxidant 
polarity and increases with the number, length and branching of the inert 
alkyl substituents attached to the antioxidant function. Many commercial 
antioxidants with higher molecular masses have been developed and many 
have long inert (8-18 carbon atoms) alkyl chains; 
ii) Synthesis of oligomeric antioxidants with molecular weight of 3000 and 
above: further attempts have led to the development of oligomeric and 
macromolecular antioxidants, by co-polymerising the stabiliser group with a 
suitable co-monomer, in a variety of methods, e.g. free-radical, ring-opening 
and condensation polymerisations [147); 
iii) Chemical bonding of the antioxidant to the polymer backbone by a grafting 
process or incorporation of antioxidants by copolymerisation with a suitable 
monomer [148]: reactive antioxidants are compounds containing one or more 
antioxidant functions and one or more chemical functions capable of reacting 
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either with monomers or with already formed polymers; by being chemically 
bound to the polymer, the leaching problem is eliminated completely; 
however, the mobility necessary to be an effective antioxidant is severely 
impaired and the product is more expensive since new specialty polymers 
must be produced for each end use product. 
iv) Encapsulating the antioxidant in a controlled-release system, that is then 
blended in the processed material: the blend would allow prolonged 
stabilisation, while avoiding the problem of supersaturation. 
2.5.5 Encapsulated antioxidant 
Current research is inconclusive on the practical effectiveness of this approach 
[149-152]. Some positive results have been reported by Keen et al. [150] where 
BlIT was encapsulated into cross-linked calcium alginate particles and was 
blended in a rubber; the oxidation induction time was increased from 5 minutes 
with BHT alone to up to 17 minutes using the same concentration of additive in 
encapsulated fonn. Other experiments by Alien et al.[151] show contrasting effects 
of the interaction of the antioxidants with silica filler, depending on their chemical 
structure, which lead to consider that not only entrapment but also an ability to 
desorb would control the activity of prebound additives. Modelling the 
encapsulation of polymer additives is complex, partly because of the many 
different encapsulating geometries possible, and partly because the rate of release 
into the surrounding polymer depends upon solubility and diffusion rates of the 
additive in both the encapsulant and the host polymer[149]. 
The rate of dissolution in water of a sparingly soluble model drug can be varied by 
hybridising it with silica nanoparticles produced via sol-gel; the rate can be 
controlled by letting the hydrolysis start before the drug is added to the solution, 
indicating that a part of the drug is chemically bound to the silica gel and in 
enclosed in the Si-O network so that not all the drug is available for release. The 
fraction of molecule bound weakly to the external surface of the agglomerates can 
dissolve and desorb so that the dissolution rate is correlated to the surface area of 
the silica[153]. 
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2.5.6 Interaction of antioxidant with a silica filler 
All polymeric materials are processed after the polymerisation, to improve the 
properties and finalise the product. In this stage heat and photo stabilisers and other 
process additives may be mixed in, different polymers may be blended, fillers and 
reinforcements added. Care has to be given to optimise the interactions between the 
different additives and the components of the finished material. Amorphous silica 
is widely used as an antiblocking agent for polymer films, or as inert charge to 
decrease the cost of the material without degrading the properties. Positive effects 
are represented by synergies between additives. Adverse effects may be adsorption 
of antioxidants by the filler, so that the effective concentration is actually lower 
[48, 154, 155]. In thermoplastics, this last effect is a recognized problem, which 
can be countered by using additives that sacrificially adsorb on to filler surfaces 
thereby blocking adsorption of the stabilisers. However this effect can be turned 
into what may be considered a reservoir of stabiliser [156], with the interaction 
between the additives and the silica surface ensuring that the additive is released 
slowly, thereby preventing leaching and volatilisation of the stabiliser, thus 
affording longer lasting protection of the polymer. From adsorption studies on 
amorphous silica, fillers with high surface area and active groups on the surface 
and more open pore structure are most likely to display controlled release and 
preferential adsorption effects. 
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3 EXPERIMENTAL 
3.1 Materials 
3.1.1 Alkoxysilanes precursor for the production of silica by the 
sol-gel method 
The alkoxysilanes precursor used in these reactions is tetraethoxysilane (or 
tetraethylorthosilicate), abbreviated as TEOS, supplied by Fluka Chemie AG, 98% 
pure. This is a transparent liquid, with a relative density of 0.933 and boiling point 
in the range 163-167°C. The molecular weight of TEOS is 208.33 g·mor1. The 
complete hydrolysis and condensation of TEOS with water yields SiOz. Note that 
the molecular weight of Si02 is 60.08 g'mor\ hence the molecular weight ratio 
TEOS/Si02 is 3.47 
Tetraethoxysilane (TEOS) 
3.1.2 Compatibilisers and coupling agents 
Organic molecules of medium-to-high molecular weight have generally low 
miscibility with precursor solutions used to produce silica by the sol-gel route. The 
following coupling agents were therefore used with the view to produce the 
interactions between organic and inorganic components: 
i) 3-glycidyloxypropyltrimethoxysilane, abbreviated as GOTMS, supplied by 
Fluka Chemie AG; it is a transparent liquid with a boiling point of 260°C, a 
molecular weight of 236.34 g'mor1 (giving a molecular weigbt of 
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167.3 g·mor1 when fully co-condensed with the silica network). As explained 
in the literature survey, previous experimental evidence shows that GOTMS 
reacts with terminal hydroxyls in the PEO and co-condenses in the silica 
matrix, helping to prevent phase separation of the two polymers. 
The structure of GOTMS is 
o OMe 
/ \ H2 / 
H2C-CH-C-O--(CH2b-Si--OMe \ 
OMe 
GOTMS 
ii) y-triethoxysilyl propyl isocyanate, abbreviated as TESP-NCO, obtained from 
Aldrich (purity>95%); it is a viscous liquid with molecular weight 247.37 
g'mor1 (the molecular weight is 136.4 g·mor1 when fully co-condensed in the 
silica network). TESP-NCO was chosen for the isocyanate ability to react 
with the OH groups of the phenolic antioxidants or NH groups of the amine 
antioxidant investigated, while the y-triethoxysilyl moiety would co-condense 
within the growing silica phase. This would have the effect of promoting 
adsorptions of further antioxidant molecules on the surface of the inorganic 
phase. 
EtO 
\ 
EtO-Si--(CH2b-N=C=O 
/ 
EtO 
Isocyanate-Coupling agent (TESP-NCO) 
The structure ofTESP-NCO is 
iii) 2,6-di-tert-butyl-4-hydroxymethylphenol, abbreviated as DBHMP, supplied 
by TCI (Tokyo Kasei Organic Chemicals); it is a white powder with a purity 
>97% and a melting point of l4PC. This is a reactant was chosen for the 
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synthesis of a trialkoxysilane-based compatibiliser for the phenolic 
antioxidants. The aliphatic hydroxyl can react with the isocyanate in TESP-
NCO much more readily than the aromatic hydroxyl normally present in 
phenolic antioxidant, and such adduct would co-condense in the inorganic 
phase. The formula ofDBHMP is 
HO 
OH 
2,6-di-tertbutyl-4-hydroxymethylphenol (DBHMP) 
3.1.3 Antioxidants 
Two classes of antioxidant were considered in this study: phenolic antioxidants and 
hindered amine antioxidants. Refer to section 2.5 for a detailed discussion of the 
properties and requirements of antioxidants. A selection of commonly used 
commercial antioxidants was made, to represent the two classes of antidegradants. 
The lowest molecular weight of the hindered phenolic antioxidants (BHT) and two 
higher molecular weight alternatives (Irganox 1076 and Irganox 1010) are widely 
used in the stabilisation of polyolefins and other polymers against thermo-
oxidation. The aromatic amine IPPD, used for example in the protection of 
synthetic rubber, and the hindered aliphatic amine Tinuvin 770 are routinely used 
in the industrial practice to protect against UV -activated oxidation. 
The antioxidants considered for the production of hybrids are 
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i) 3,5-di-tert-butyl-4-hydroxytoluene (2,6-di-tert-butyl-4-methylphenol) (BHT) 
was supplied by Aldrich; it is a white powder with a molecular weight of 220 
g·mor1• The formula ofBHT is 
CH3 
OH 
3,5-di-tert-butyl-4-hydroxytoluene (BHT) 
ii) Octadecyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)-propionate. This was 
supplied by Ciba Specialty Chemicals with the trade name ofIrganox 1076. It 
has a melting range of 49-54 QC and a molecular weight of 531 g·mor1. The 
formula ofIrganox 1076 is 
HO 
octadecyI-3-(3,5-di-tert-butyI-4-hydroxyphenyI)-proprionate 
Irganox 1076 
iii) Pentaerythrityl-tetrakis-[3-(3,5-di-tert-butyl-4-hydrophenyl)l-propionate. This 
was supplied by Ciba Speciaity Chemicals with the trade name of Irganox 
10 10. It has a molecular weight of 1178 g·mor1, two crystalline forms and a 
melting range of 110-125 qc. The formula ofIrganox 1010 is 
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4 
pentaerythrityl-tetrnkis-[3-{3.5-di-tert-butyl-4-hydroxyphcnyl)-proprionateJ 
Irganox IOlO 
iv) Bis-(2,2,6,6-tetramethyl-4-piperidyl)-sebacate. This was supplied by Ciba 
Specialty Chemicals with the trade name of Tinuvin 770. It has a purity 
>97%, molecular weight 480 g·mor l, melting point 84°C. The formula is 
N 
H 
Tinuvin 770 
2 
v) N-isopropyl-N'-phenyl-p-phenylenediamine. This was supplied by Flexsys 
N.V'/S.A. under the trade name of IPPD. It has a purity >97%, molecular 
weight 226 g·mor l , melting point 75°C. The formula ofIPPD is 
HN NH 
d >-
N-isopropyl-N'-phenyl-p-phenylenediamine (IPPD) 
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3.1.4 Organic polymer component of the hybrid 
Poly( ethylene oxide) was selected as organic polymer component of the hybrid 
because its relatively high hydrophilicity would allow interaction with the reacting 
hydrated siloxane and the formation of nanoscale dispersed domains. 
The polymer used was supplied in form of fine white powder by Union Carbide 
Corporation under the commercial name of Polyox resin WSRN-IO. The number 
average molecular weight is in the region of 100,000. It has a melting range of 63-
69°C, and was dissolved in THF to a concentration of 10 %w/w, obtaining a 
viscous translucent solution. The general formula for PEO is: 
HO-[CH2CH20ln-H 
3.1.5 Solvents and water 
Ethanol was used as a miscibiliser for the alkoxysilane/water system. It is an 
azeotropic solution containing 5% of water. It was supplied by Fisher Chemicals. 
The water used was deionised in the laboratory. The THF used was supplied by 
Fisher Chemicals as analytical grade 99+. 
3.1.6 Catalysts 
i) In the production of alkoxysilane/water precursor solution hydrochloric acid 
(HCl) was used as catalyst for the hydrolysis/condensation reaction. It was 
supplied by Fluka Chemie AG as 32% w/w solution in water and was diluted 
to 2% w/w with demineralised water in the laboratory, in order to gain better 
control of the acidity of the reaction. 
ii) In the preparation of the compatibiliser involving condensation of TESP-
NCO with DBl-IMP a drop of dibutyltindilaurate (DBTDL) was added to the 
reaction solution as catalyst according to the procedure described by Pan et 
al. [148]. DBTDL was an analytical grade solution supplied by Fisher 
Chemicals. The resulting concentration of the catalyst in the reaction mixture 
was 0.5% w/w. 
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3.1.7 Polyamide 6 film 
Nylon 6 polyamide was used as model polymer for the diffusion study of 
antioxidants from the organic/inorganic hybrid because the polar amide group 
would favourably interact with the surface hydroxyl of the silica phase and the 
ether oxygen in the PEO chain, allowing for intimate contact and easier diffusion 
of the antioxidants through the surfaces. In temperate ambient conditions, up to 7% 
humidity is absorbed in Nylon, and such water molecules would not adversely 
affect the hydrophilic chain of PEO or the porous silica. 
Poly(caprolactam) sheets of thickness 12 /lm were supplied by Snia S.p.A., and 
were used as supplied. The film is transparent and flexible, with a melting point of 
220°C and a glass transition temperature of 40°C. The film was stored at room 
temperature before being used in the experiments. 
The chemical structure of Nylon 6 is: 
nylon 6 
3.2 Preparation of the Sol·Gel hybrids 
3.2.1 Notation 
In order to simplify the reference to a particular sample, table 3-1 shows an 
abbreviated notation that can be employed, comprising of an abbreviated name 
identifying the components and two digits specifying the relative quantities (in 
weight-by-weight percentage). 
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Table 3-1 Codes used for hybrids 
Molecular 
Code Antioxidant 
Mw [g·m 
BHT BHT 220 
Il076 Irganox 1 076 531 
nOlO IrganoxlOIO 1178 
T770 Tinuvin770 480 
IPPD IPPD 226 
Table 3-2 summarises the molecular weights of the speci es present that are capable 
TESP) of silicon moieties 
condensation changes the 
and that is being shown in 
molecular weight without 
orresponds to the MW of 
n. Therefore silica content 
1culated by assuming that 
of reacting by hydrolysis/condensation (TEOS, GOTMS, 
and by addition of the isocyanate group. Hydrolysis/ 
formula weight associated with each condensed species, 
the third column of table 3-2. FW (solid) is the formula 
the alkyl radicals in the alkoxysilane groups. The FW c 
the units that enter the silica network for compatibilisatio 
in the compositions discussed in the results chapter is ca 
TEOS is fully hydrolysed and condensed to Si02 and likewise that the 
triethoxysilyl group reacts to Si0312. 
Table 3-2 Silicon-containing precursors for hybrids 
Precursor Mw 
TESP-U-DBHMP 483 
TESP-NCO 247 
TESP-U-Et 293 
GOTMS 236 
TEOS 208 
F W 
d) (soli 
372 
136 
188 
167 
60 
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3.2.2 Dissolution of solid components 
Where some of the reactants were solids, they were pre-dissolved in the minimum 
quantity of appropriate solvent. Ethanol was the solvent of choice and the quantity 
has been included in the formulation. When a different or additional solvent was 
used it is specified. 
3.2.3. Preparation of TESP·U·DBHMP compatibilisers 
A preliminary screening of different compatibilisers suitable for the sol-gel 
reactions was carried out using four different compatibiliser systems. These were: 
1. Reaction of TESP-NCO and DBHMP. Two solvent systems were tried: 
CHCh and Toluene I Tetrahydrofuran (THF) mixture at 8:1 weight ratio. 
DBHMP was dissolved at room temperature to give a 17% w/w solution. 
TESP-NCO was then added in a stoichiometric ratio 1:1. 
2. Reaction of TESP-NCO with Irganox 1076. The antioxidant in powder 
form was dissolved in THF to a concentration of20 %w/w and then TESP-
NCO was added to obtain the required stoichiometric ratio. DBTDL was 
added and the mixture stirred at 80°C for 1 week. 
3. Reaction of TESP-NCO with Tinuvin 770. The amine antioxidant was 
dissolved in THF to a concentration of 20%w/w and then TESP-NCO was 
added with the required stoichiometry. 
4. Reaction of GOTMS. GOTMS was not pre-treated, and was added to the 
sol-gel mixture as it was supplied. 
3.2.4 Preparation of precursors for antioxidant·silica hybrids 
A closed cylindrical glass tube (diameter circa 25mm) was used as the reaction 
vessel. A paraffin oil bath on a hot plate provided the temperature control and a 
magnetic stirrer provided for the homogeneity of the mixture. The order of addition 
of the component was TEOS, compatibilisers, ethanol, water and HCI (in a diluted 
solution), to achieve better pH control. The mixture was stirred for ID minutes 
before the antioxidant was added in the form of alcoholic solution at 20%w/w 
concentration. After the incorporation of the antioxidant, the solution was stirred in 
a closed vessel for one hour or until the onset of gelation, if this occurred sooner. 
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The temperature of the reaction bath was kept at 60-70°C. The ratio H20ITEOS 
was always adjusted at 1 mole of H20 per mole ofalkoxy group in the system. 
3.2.5 Preparation of polymer-silica-antioxidant hybrids 
A measured quantity of polyethylene oxide was dissolved in THF to a 
concentration of 10%w/w and kept at 60°C under stirring. The antioxidant was 
dissolved separately in THF to a concentration of 10%w/w. A sol-gel precursor 
was prepared as described above and let to react for 10 minutes. In the IPPD 
containing series of experiments, the GOTMS content was kept constant at a 
1; 0.15 molar ratio with respect to TEOS (1 ; 0.01 weight ratio). The 3 solutions 
were then mixed together and stirred for one hour in a closed vessel at 60°C. The 
viscous solution was cast as a film and the solvent was evaporated overnight at 
room temperature (22 ± 2 0c) 
3.2.6 Gel time 
The gelation time Tg for the bulk solution was determined by visual observation as 
the magnetic stirrer encountered solid lumps instead of viscous solution. 
3.3 Preparation of samples for ageing 
3.3.1 Preparation of the sandwich samples for ageing 
The prepared hybrid was allowed to dry at room temperature for a minimum of 2 
days. The hybrid material was crushed with a mortar and pestle to achieve uniform 
powder granularity. 
3.3.2 Hot press 
A thin layer of powder (2mm) was spread between two films of Nylon 6 of 
thickness 12 ).lm. Two protective sheets of PET were used to separate from metal 
sheets and the whole setup hot pressed in a Moore Hydraulics press under 95 bar of 
pressure. The temperature of the upper and lower hot plates was set at 160°C. The 
temperature was applied for 10 minutes, and then the setup was moved to a cold 
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press, where it was allowed to cool down while kept under pressure. Then the silica 
hybrid sample was peeled off and stored. 
3.3.3 Setup after Roe 
Following the setup used by Roe et al. [121], circular discs 2cm in diameter were 
cut out from the hot pressed silica hybrids and from 12 ~lIn thick Nylon 6 films. A 
stack was formed with thi s structure: 10 nylon layers, si lica hybrid, and 10 nylon 
layers. The stack was sandwiched between 2 films of PET and secured in position 
with an a luminium frame. See Figure 3- 1, to the left is a stack of 10 nylon 6 fi lms 
over the meta l frame; to the right the other 10 fi lms stack with the sil ica hybrid on 
top. (A small piece broke as it was being ha ndled). 
F igure 3-1 Roe setup fo r oven aging of Nylon 6 film stacks with hybrid 
3.3.4 Oven ageing 
The samples were placed in a Carbolite Eurotherm oven for ageing. Ambient air 
was allowed to circulate and the temperature was set at 60°C. After each period, 
the ri g was taken out of the oven and opened. The fi lms were carefully separated 
with tweezers and analysed, then the set-up was reassembled and replaced in the 
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oven for further aging. The experiment was run for over 520 days (more than 17 
months). 
3.4 Characterisation Techniques 
3.4.1 Infrared Spectroscopy 
Irradiation of infrared li ght on a thin liquid film or crystal s diluted in an IR-
transparent medium results in an absorbance patterns characteri sti c of diffe rent 
functional groups and molecules. Infrared frequencies in the wavelength range of 
I-50 ~lIn are associated with molecular vibrations and vibrat ion-rotation spectra. 
The mid-IR ra nge of frequency is of particular use in organic structure analysis, 
because this is where the observed stretching vibrations occur, and can be 
corre lated to molecular structural features. Iden ti ficat ion of organic molecules by 
infrared has become routine, as it is poss ible to assign specific absorptions to 
parti cular groups. The advent of Fourier Transform methods has meant that modern 
IR equipments able to obtain quickl y a spectral scan from a single excitation. Done 
repeatedly, the scans can be averaged to produce an accurate spectrum of the 
sample. Infrared frequency is most commonly measured in wave numbers, the 
reciproca l of wave length in centimetres. 
A MATTSON 3000 FTIR Spectrometer was used: employing a single beam of 
radiation in transmittance mode, the instrument performed 64 scans with a 
resolution of4 cm-I. The mode of the obtained spectra was subsequently conve rted 
to absorbance. Preparation of the sample involved spreading a thin film of the 
liquid sample between two NaCI di sks as supports or pulverizing about lmg of 
solid sample with KBr powder as medium and then pressing the powder into a 
transparent pellet. Alternatively, when a thin film of polymer was ana lysed, it was 
directly held in place and the beam shone through it. This technique a llowed 
measuring the extent of reactions of condensation of isocyanate with various 
reactants, and estimating the degree of protection of Nylon by the antioxidant in the 
diffusion experiment. 
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3.4.2 Differential Scanning Calorimetry 
The thennal properties of various experiments were examined by Differential 
Scanning Calorimetry (DSC). This technique allowed estimating the degree of 
compatibilisation of different antioxidant and different phases in various 
compositions in the hybrids by observing the presence of melting endothenns o f 
the antiox idant and its actual melting temperatur.e. Samples o f small pieces were 
we ighted about 10 to 15 mg and placed sn as small aluminium pan with a lid, 
together with the re ference cell. A Dupont Instruments 9 10 Differenti al Scanning 
Calorimeter was used. The dri ed hybrid would be heated up from room temperature 
to a temperature of 110- ISO °C at a rate of JOoC/minute, held at temperature for 
one minute then cooled at the same rate until room temperature or sli ghtly below; 
thi s was normally follo wed by another heating ramp at the same rate. At 11 0-
150°C the antioxidants and PEO would be me lted, while the silica phase would not 
begin sintering. The measurements were carried out in nitrogen flo w (- 50 
cmJ/min). 
Oxygen Induction Ti me measurement (OIT) were also carried out by DSC. In an 
OIT experiment, a small sample was placed in an open pan in the DSC cell , which 
was then heated to the selected temperature in nitrogen atmosphere. When 
isothermal conditions were achieved, the gas flow was rapidly changed to 
atmospheric air (- 50 cmJ/min) and the exothermal peak of ox idation measured, if 
observed at all. The OIT quoted would be the time passed between the changes of 
gas and the onset of oxidation peak. 
3.4.3 Scanning Electron Microscopy 
[n the scanning e lectron microscopy (SE M), the radiation that inte racts with the 
specimen is a beam of high-energy e lectrons, produced from a filament and 
accelerated by a hi gh voltage. Three imaging signals can be used [1 57], back 
scattered electrons, secondary electrons and x-rays. Characteri stic x-rays have well-
defined energies for different atoms. Thus, analytical infonnation can be obtained 
from an x-ray spectrum [158]. Back-scat1ered e lectrons are primary beam electrons 
that have been e lastica lly scattered by the nuclei in the sample and escape from the 
surface. T hus they can be used to obtain compositional contrast in the sample. 
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Secondary e lectrons are emitted with low energy from the top few nanometres of 
the materia ls. Thi s technique yields topog raphic images of the sample surface. Due 
to its great depth of field, SEM images have an almost three-d imensional 
appearance, and have a much highe r resolution. 
Damage to the polymer by the electron beam is one of the princ ipa l shortcomings 
of e lectron microscopy. Three effects, namely loss of crysta llin ity or mass, contrast 
artefacts and distortion, can lead to great changes in the image formed in the 
microscope [159] . In order to minimise th is, the surface o f the specimen is coated 
with an electri cal ly conductive thin layer of gold or gold/palladi um alloy. 
Information regarding the homogeneity of the hybrid phases, and dispersion or 
crystall isation of the antioxidants was obtained through SEM micrographs of the 
surface of synthes ised hybrid. 
Small specimens of hybrids were glued to a stub and a thin layer of go ld was 
sputtered on to ensure conductivity; a Leica Cambridge Instruments Ltd. 
Stereoscan 360 equipment was used for the observation at di fferent magnifi cation 
leve ls. 
3.4.4 Visual observations 
Crystal s and in-homogeneities of dimension comparab le to the wavelength of 
visib le light (400-800 nm) cause light scattering, causing a material to appear 
c loudy and opaque. Si lica obtained via the sol -gel route is a homogeneous, 
amorphous mate rial that does not abso rb nor scatter the visible li ght. 
By vis ual observation and compari son with these materia ls, the compatibility and 
homogeneity of the antioxidant-con tai ning hybrids can be qualitati ve ly assessed. 
The product of the so l-gel reaction was a transparent gel, which cracked under the 
stress developed during the drying process. The hybrid prod uced via so l-ge l with 
on ly TEOS, GOTMS and PEO was a transparent gel that dried wi thout cracking 
when cast as a film . The domains of crystall ine PEO are of sma ll dimensions and 
light scattering does not occur [98]. 
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4 RESULTS AND DISCUSSION 
The so l gel method of synthesis was used to prepare organic inorganic hybrids 
composed of modified silica, poly(ethylene oxide) and commercial antioxidants. 
A number of intermediates was synthes ised by isocyanate addition to hyd roxyl 
groups, and the extent of reaction evaluated by FT- lR (see secti on 4.3); these and 
other coupling agents (see section 4.4) were then co-condensed in the so l-gel 
synthes is of modified sili ca. 
A series of binary (see section 4 .6 and 4.7) and ternary (s ilica-PEO-antioxidant see 
sectio n 4.8) hybrids were synthesised and characteri sed by visual inspection (see 
section 4.5), by measuring the time to ge l (section 4 .2), and by Fourier Transform 
Infra Red spectroscopy, Differential Scanning Calorimetry and Scanning Electron 
Mic roscopy (a ll discussed in sections 4.6 to 4 .8). 
Ternary hybrid containing the commercia l antioxida nt BI-IT was used as model for 
a functiona lised filler deli very system for antioxidant protection in polymer: a 
study of the diffusion of BHT out of the hybrid and into a surrounding Nylon 6 
fi lm was carried out by Oxygen Induc tion Time (see section 4.9) and FT-fR 
ana lys is (see section 4 . 10). 
4.1 Effects of the acidity of the precursor solution 
The conditions change drastica ll y when moving from hindered phenols (weak 
acids) to secondary hindered amines (medium strength bases). As di scussed in the 
literature review, very different sili ca morphologies are obtained from acid or basic 
conditions, as well as different gelation rates. 
The pH of the precursor alkoxide solution was set at pH- 3 with a solution of HC I 
2% w/w in water. The pH was not monitored after the addition of PEO or 
an tioxidant. 
When the ammonium sa lt of the hindered amine Tinuvin 770 was made with HCI 
prior to its incorporation in the reaction mixture, a homogeneous solution could not 
be obtained, and there fore thi s route was not pursued. 
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When the free amine was added as an alcoholic solution to the hydrolys ing acid 
mixture, it caused an abrupt ri se of pH and almost immediate gelation. 
4.2 Observations on gelation behaviour 
4.2.1 General Considerations 
Gel time varied widely between different solutions, as can be expected by the large 
number of variables involved, such as compatibiliser content and type, nature of 
the antioxidant, pKa, amount of sol vent. For this reason gel time was not 
considered as a parameter unless it was so shoo that it prevented the mixture from 
achieving the required homogeneity. If: after one hour of stirring, the solution was 
not ge lled, it was poured over a sheet of hydrophobic paper and the solvent 
evaporated to produce fi lms of about 0.7 mm thickness. 
4.2.2 Effect of amine antioxidants 
Samples containing the am ine ant ioxidant Tinuvin 770 gelled very quickl y after the 
ami ne solution was added to the alkoxide precursors. This prevents the completing 
of hydrolysis of the alkoxide, thereby preventing the fonnation of an open sil ica 
structure. 
In samples I and 2 (see table 4-1 ) the sa lt of the amine was formed with 
hydrochloric acid in the ethanol solution, prior to mixing with the alkoxide 
precursor. Gel time increased considerabl y, but upon drying of the film , phase 
separation was noted: the antioxidant salt form ed white needle crystals distinct 
from the bulk of the silica phase. 
In samples 3 to 7, silica with va rious amine content were synthesized, always 
obtaini ng a clear transparent solution that evolved into a clear transparent gel 
within 5 minutes of mixing. After dry ing the resulting solid always shrank 
considerably and cracked. 
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Sample Tinuvin770 % Temperature of Gel time Appearance of gel 
reaction (0C) Tc(min) 
T770-1 4 (saJ t) 57 30 Opaque, white crystaJ s separated 
T770-2 10 (salt) 57 18 Opaque, white crystals separated 
T770-3 4 53 5 Clear, tmnsparent gel 
T770-4 8 53 4 Clear, transparent gel 
T770-5 17 56 3 Clear, tmnsparent gel 
T770-6 17 70 3 Clear, transparent gel 
T770-7 29 50 5 Clear, transparent gel 
Table 4-1 Gel time of sol-gel s il ica with Tinuvin 770 
4.2.3 Effect of phenolic antioxidant 
Samples containing the phenoli c antioxidants BHT or Irganox 1076 were stirred at 
temperature around 60 QC until loss of flowing ability, to determine the ge l t ime. 
See table 4-2 for samples containing BHT and tab le 4-3 for samples containing 
[rganox 1076, shown graphica lly in Figure 4-1 . 
Sample BHT (%) Temperature of Gel time Appearance of gel 
reaction (OC) TG (min) 
BHT- I 0.2 63 50 Clear, tTatlSparent gel 
BHT -2 2.5 65 40 Opaque soln ., tratlslucent gel 
BHT -3 5 63 70 Phase separation 
BHT-4 6 63 60 Phase separation 
BHT -5 11 62 70 Phase separation 
Table 4-2 Gel time of sol-gel silica wi th BRT 
Solu tions containing BHT gell ed considerably faster than soluti on contai ning 
lrganox 1076, the former gell ing in around I hour, while the latter in over 2 hours. 
increasing a ntioxidant concentrati on results in an increase in gel time. T hi s is 
probably to be attributed to the di lution effect of the non-reacting antioxidant 
among the polymerising si lica sol. 
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Sample lrganox 1076 Temperature of Gel time Appearance 0 f gel 
(%) reaction (0C)) T G (min) 
11 076- 1 0. 1 63 130 Clear, transparent gel 
11 076-2 0.1 67 120 Clear, u'ansparent gel 
11076-3 0.2 65 11 5 Clear, u'ansparent gel 
11 076-4 0.5 62 140 Opaque soln ., tTanslucent gel 
11 076-5 I 58 150 Opaque soh1., translucent gel 
11 076-6 2 61 155 Phase separa~on 
11 076-7 5 60 160 Phase separation 
11 076-8 10 62 170 Phase separation 
Table 4-3 Gel time of sol-gel si lica with Irganox 1076 
Gel time of silica with Irganox 1076 
12 
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F igure 4-1 Gel time of sol-gel silica with lrganox 1076 (60°C) 
Even small concentration of phenolic antioxidant were sufficient to cause phase 
separation in the dry gel , causing the solid to be opaque and, at concentrations 
above 5% (for BHT) or 2% (for Irganox 1076), exhibiting clear crysta lline domains 
of antioxidant separated from the silica. 
L-_________________________ ___ _ 
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4.3 Analysis of the reaction products of TESP-NCO 
TESP-NCO is a bi-functional molecule, containing both the al koxysilane group and 
the isocyanate group. The form er is able to hydrolyse under acidic or basic 
condition and se lf-condense or co-condense with TEOS in a ty pical so l-gel 
reaction . The latter is a very reacti ve centre, subject to addition by any nucleophilic 
species that a lso contains labile hydrogen, such as alcohol and amine. Such 
add itions yield carbammate or urea linkages, more polar groups, which are also 
donor and acceptor of hydrogen bonds. 
4.3.1 Reaction of TESP-NCO with DBHMP 
The aliphatic isocyanate group can react either with the phenolic or hydroxy-
methyl function to fo rm a urethane bond. This adduct should be able to incorporate 
in the silica matrix and form van del Waals interactions with the rings of the 
hindered phenols, thereby enhancing the misc ibility with the inorganic phase. S ince 
there is no chemical bond, molecular mobility is not prevented, and therefore the 
organic compounds can sti ll act as effecti ve antioxidants. The literature [148] 
confirms that the hydroxy-methyl group is much more reactive than the phenol ic -
OH so that the reaction is expected to occur at the a liphat ic hydroxyl group. 
The isocyanate and the alcohol were dissolved together in a mixture of xylene and 
TFH (8: I). In frared spectra of the two components and the mi xt ure ri ght after 
dissolution are in Figure 7-1 to 7-3 . Then 0. 1 ml of dibutyltindi laurate (DBTDL) 
solution in benzene is added; DBTDL is a known cata lyst for urethane fonnation 
reactions. 
With in 2 hours the reaction goes to completion. This is indicated by the 
di sappearance of the stretching of the conjugated N=C=O at 2272 cm-I (see Fig. 7-
2 and 7-3), whil e the stretching of carbonyl in the urethane appears at 1708 cm-I 
(Fig. 7-4). 
4.3.2 Reaction of TESP-NCO with Irganox 1076 
The isocyanate was presumed to be able to form a urethane bond by reacting with 
the phenolic group. If thi s occurred the antiox idant would be chemicall y bound to 
71 
Carlo Capra - IPTME Ph. D. Thesis 
the si lica matrix . In any case the urethane fu nctions formed in thi s way are known 
to be thermall y labile, so that if the reaction occurred the organic molecule cou ld be 
released over time during the process ing of the polymer. The steric hindrance of 
two tert-butyl groups in ortho position to the phenol are expected to inhibit the 
reaction and , therefore, may require a vast excess of phenol and long react ion 
times. Pheno l excess of 200% and 300% were investigated with react io n times of 
up to 2 weeks. Temperature was kept below 90 °C to avo id thermal dissociati on of 
the addition . FT-LR spectra were recorded to eva luate the extent of reaction of the 
condensation TESP-NCO with the aliphati c OH group of DBHMP and the 
aromat ic OH group of lrganox 1076 ( fi g ures 7-5, 7- 1, 7-2,7-6, 7-7). TES P-NCO 
reacts with DBHMP within I day to 100% conversion, while lrganox 1076 is much 
less reactive, givi ng only 50% yie ld ( 1: I TESP-NCO : Irganox molar ratio) in 1 
week. The latter product is not useful because all the unreacted isocyanate is 
attacked by the water and decomposes to am ine and CO2. The NCO peak at 2270 
cm-
l 
never di sappears, indicating a lack of reacti vity. As an additiona l attempt, 
TESP-NCO was stirred with BHT for one week at 50°C, but again only a y ield 
below 50% was observed. (See Figure 7-8 for the FHR spectrum of BHT) 111 both 
these cases the on ly functional group ava il able for reaction with the isocyanate is a 
steri ca lly highl y hindered aromatic alcohol , a reaction that is know to be 
unfavoured and eas ily decomposed by hea ting. This makes it unsuitable to be used 
as compatibili ser for the organic-inorganic hybrid. 
4.3.3 Reaction of TESP-NCO with Tinuvin 770 
An amine is a much stronge r Iluc leophile than an a lcohol ; hence it reacts faste r 
with the isocyanate group. No catalyst was necessary, even at room temperature. 
Although Tinuvin 770 contains a hindered ami ne group, this reaction is more 
favo urable than the one with the hindered phenol of Lrganox 1076, and therefore 
the reaction is expected to occur much quicker. (Figure 7-9) In this case the urea 
linkage formed is no n-reversible, hence the amine is expected to be locked in the 
silica matri x and may not act as antioxidant for the po lymer due to the loss of 
mobility. 
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4.4 Effect of systems containing GOrMS coupling agent 
In an acidic environment, the epoxide group will open and react either with water 
to form a vicinal diol , or with the amine !,'TOUpS in the antioxidant, such as Tinuvin 
770, forming a a-hydroxyl tertiary amine. In the presence of PE~, the epoxide may 
al so be able to bind with the OH group present at the end of the polyether chai n, 
thus binding the organic phase to the growing, pol ymeri sing inorganic phase [98]. 
The phenolic groups in the antioxidants are not expected to react but will be ab le to 
form hydrogen bonds with the - OH groups form ed from the opening of the epoxy 
group. 
Some sol-gel si lica samples were prepared at low content of BHT (0.2%w), and 
GOTMS contents of 3, 10 and 15% w/w, to assess the effect of such 
compatibiIisation. The appearance of such gels is tabul ated in Table 4-4. 
Sample % GOTMS Appearance of gel 
GOTMS- I 3 Clear, brittle 
GOTMS-2 10 Clear, brittle 
GOTMS-3 15 Clear, tough 
Table 4-4 Effect sol-gel silica of varying GOT MS content 
4.5 Assessment of degree of compatibilisation of the 
antioxidant in sol-gel silica systems 
The techniques used to assess the degree of compatibilisation were: 
4.5.1 Visual inspection. 
By observing the presence of opaque formations in an otherwise clear and 
transparent film , it is possible to note spinodal decomposition during the casting of 
the film . Such was the case for the experiments with an lrganox 1076 content 
higher than 2%w/w. By comparison, the gels containing Tinuvin 770 were c lear 
and transparent with antioxidant content as high as 70%w/w. 
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4.5.2 DSC 
All DSC thennograms are included in Appendix. Between - 30DC and 200DC the 
silica network does not undergo any transition. As discussed in the literature 
survey , sintering of sol-gel silica occurs at higher temperature. See fi gure 7- 10: 
when the first heating ramp presents a endothennic slope which has no 
correspondent in the cooling ramp or in the second heating ramp, it is an indication 
that it was due to remaining reaction sol vent fro m the synthesis. Hence the endo- or 
exothermal peaks observed in the binary and ternary compositions are due to 
melting or crystallisation of an organic phase within the inorganic matrix. In the 
absence of compatibili sation the enthalpy of fusion of the antioxidant wo uld be 
directly proportional to the mass content of organic phase. The discrepancies that 
ari se in the measure of va lues are attributed to antioxidant entrapped in the 
amo rphous network or adsorbed on the surface of the pore structure, and unable to 
crystalli se. 
4.6 Thermal Analysis of silica-antioxidant sol-gel systems 
Binary hybrids of so l-gel silica and different antioxidants were synthesised and 
characteri sed by DSC. The amount of antioxidant that form s an independent and 
separated phase was investigated. In some samples traces of so lvent will remain 
and require a prolonged treatment at high temperatures fo r its removal. This may 
affect the morphology and crystallinity of the additive/silica system, and it shows 
in the DSC traces as endothennic slope of the first hea ting curve. 
4.6.1 Silica 
Silica derived from the sol-gel route does not undergo any reaction at the moderate 
temperature considered in thi s study, and so there are no peaks represented in the 
DSC scan. In some samples there is res idual water present in the material, which 
will then slowly evaporate from the heating oven, and the thermogram will show a 
sha llow endothennic drift on the first heating ramp, such as in Fig 7-10. Thi s was 
d isrega rded in the subsequent analys is. 
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4.6.2 Silica-IPPD 
The melting point of [PPD alone was determined by DSC to be 81 .8 °C (Figure 7-
II ). 
The precursors (as discussed in section 3.2.4) were sti rred together and reacted fo r 
30 min before being cast into an open container to gel and dry. 
r-heoretical Ll.H/l oi fference 
% Non- Ratio 
Samp le SiO, IPPD Trn Measured Ll.H ,- crysta ll ised AO entrapped I 
(Expected) Ll.H r 
AO Ig o f hybrid 
% % °C Jig (AO+SiO,) Jig (AO) Jig (AO) gig (AO) 
g (AO) I 
g (S i02) 
pure Si02 I 0 iNIA 0 0 0 0 0 
IPPO(20) 80 20 N/A 0 24.6 24 .6 100 0.25 
1 PI'0(30) 70 30 rS.4 2.6 36.9 34.3 93 0.40 
IPPO(40) 60 40 ~O.I 1104 49.2 37.8 77 0.5 1 
IPI'0(60) 40 60 79. 1 46.1 73.9 27.8 38 0.56 
Pure IPPO 0 100 ~1.8 123. 1 123. I 
Table 4-5 Melt ing entha lpies of some so l-gel systems with lPPD antiox ida n t. 
Table 4-5 summarises the thermal data shown in figures 7-10, and 7- 12 to 7-1 5. 
The composition of the samples, as ratio of lPI'D to Silica, corresponds to 
concentrations of IPPD equal to 20, 30, 40 and 60 % of the total mass). The 
melting temperature and enthalpy of the a ntioxidant melting are given in the 4th and 
5th column respectively. A value fo r the enthalpy calcu lated from the pure IPPD is 
given in the 6th column (in proportion to the total weight of the sample, i.e. the 
sample containing 30% of rPI'D shou ld show an enthalpy of fusion of 123. 1 x 
0.30=36.9 Jig), and the difference with the experimental is in the next column (i.e. 
for the same sample 36.9 - 2.6 = 34.3 Ji g). This represents the amount of 
antioxidant that is not able to crystallise/melt and is bound in the amorphous Silica. 
Based on these amounts, calculations are made of the ratios of bound [PPD to tota l 
lPPD (i.e. 34.3 Jig is 93% of 36.9 J/g) and bound IPPD to mass of Hybrid (i.e . in 
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the same example there are 0.42 g of IPPD in I g of hybrid, and 93% if this is 
bound in the matrix, which means there is 0.4 g of bound !PPD per gram of 
hybrid). 
Since the mel6ng point of the antioxidant remains invari ant, the unbound IPPD 
crystallises as a separated phase from the silica matrix. The sample with IPPD 
content of 0.2Sg I 1 g of Si li ca (Sol-gel Si0 2 (80) I [PPD (20) see figure 7-1 2) 
shows no melting peak, and therefore it indicates that it is completely entrapped in 
the inorganic phase. 
4.6.3 Silica-Tinuvin 770 
The analysis of sol-gel silica containing Tinuvin 770 in concentrations varying 
from 8% to 76% has revealed no well -defined crystallisation endothennic peak. 
The DSC scan of pure Tin uvin 770 show a clearly defi ned melting peak at 
86 °C. (fig. 7- 16) Some spectra showed a large endothermic "well", spanni ng almost 
the entire temperature range, which could either be sign of strongly bound solvent 
or that crystallisation is so hindered that the corresponding melting transitions is 
very blurred. Figures 7-1 6 to 7-21 . 
4.6.4 Silica-BHT 
As mentioned in section 4.2. 3, the composition of Silica-BHT with BHT content 
over 3% exhibits a visual phase separation, with progressive increasing content 
showing evidence of crystals visible to the naked eye. DSC scans of even higher 
BHT proportions show correspondingly a melting endothermic peak at around 70 
°C 
4.6.5 Silica-Irganox 1076 
Sol-gel derived silica with frganox 1076 exhibit melting endothenns corresponding 
to the antioxidant (T - 60°C) at all concentrations, (see figures 7-22 to 7-24) 
pointing to the fact that adsorption of lrganox inside the amorphous silica network 
is lab ile and subject to separation upon hea ting. This suggested that the 
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intermolecular fo rces that keep the organic compound well distributed in the 
nanoscale, as evidenced by the transparency of the sample obta ined as thin fi lm via 
the so l-gel ro ute, are not stro ng eno ugh to keep the antioxidant pe rmanently 
entrapped into the pores. 
4.7 Assessment of solubility of antioxidant in PEO 
4.7.1 PEO -IPPD 
The samples were prepared by dissolving PEO and IPPD in THF to a concentration 
of 10%w/w and then casting as fi lm. The DSC scan was then recorded (see figures 
7- 11 for /PPO, 7-25 for PEO refe rence, and 7-26 to 7-28) and summarized in ta ble 
4-6. 
Melting Theoretical Theoretical Sum of Discrepancy 6 Hr Discrepancy I1 H Tm Measured 
Sample I' EO 11'1'0 Peak lI l-l r M lr theoretical fmcasurcd . [measured -
lPI'D lIHr (PEO) (I'EO) (lPI'D) lIHr (eale. PEO)I (PEO+IPPD)I 
% % °C Jig Jig Jig .JIg Jig Jig 
Pure PEO lOO 0 64.8 153.2 153.2 0 153.2 
IPPD(20) 80 20 59.6 118 122.6 24.6 In.2 -4.6 -29.2 
IPPD(40) 60 40 52.2 121 9 1.9 49.2 NI.I 29. 1 -20.1 
IPPD(60) 40 60 49.5 70.7 103.6 61.3 73.9 135.2 42.3 -3 1.6 
Pure IPrD 0 lOO 81.8 123. 1 0 123. 1 123.1 
Ta ble 4-6 Melting enthalpies of PEOrfJ'PD mixtures. 
The mixtures produced are compared to pure PEO di ssolved and cast in the same 
way and to a pure IPPD powder. Melting peaks in °C are indicated in the 4"' 
column and the corresponding measured enthalpies of fusion in the 6"'. The melting 
temperatu res are increasingly lower than the Ton of pure PEO, indicat ing less 
ordered crystals. Onl y one mixture showed evidence of a crysta lline IPPD melting 
peak (see figure 7-28 : PEO (40) / I'PPD (60». in thi s sample the two endothenn ic 
transitions are partiall y overlapping, so that disti nct enthalpies cannot be 
calculated. The 7"', Sill and 9"\ (Theoretica l) co lumns give the calculated va lues of 
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melting enthalpy of a physical ideal m ixture of the same proportions. In other 
words, the melting enthalpy of each pure substance is multiplied by the weight 
fraction, so that the proportion of enthalpy due to each component can be compared 
to the experimenta l va lue. The last two columns calculate the difference between 
the ca lculated and the experimental va lues; if only the va lue calculated from PEO 
is taken into account, the experimenta l measure shows a depression of entha lpy for 
the 20%w/w PEO, which would indicate complete mixing of IPPD in the polymer 
phase, so that it does not contribute to the enthalpy released. (the 4.6 Jig difference 
is within the experimental error for the measured of the peak area). However, at 
hi gher proportions of IPPO, the energy due to the polymer phase (in weight 
proportion) is not sufficient to account for the enthalpies measured: a contribution 
of IPPO enthalpy must be included in the enthalpy released in these transitions (last 
co lumn). The antioxidant, therefore , interacts strongly with the crysta llisation of 
PEO and absorbs some heat at temperatures much lower than its crystalline melting 
temperature. 
In Figure 4-2 the blue line tabulates the melting temperature of the PEO phase and 
the red line the melting peak of [PPD. 
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4.7.2 PEO -Irganox 1076 
One sample was prepared by di ssolving PEO and Jrganox 1076 in THF to a 
concen tration of 10%w/w and then casting as film. The DSC scan was then 
recorded: see figures 7-29 for Irganox 1076 reference, 7-25 for PEO, 7-30 for PEO 
(90)/ 11076 ( 10), and the results are summarized in table 4-7. 
Irganox Measured Theoretical Discrepancy .1Hrl measured ~ Sample PEO Tm 
1076 "'Hr PEO "'Hr calculated PEO I 
% % 'C Jig Jig Jig 
Purc PEO 100 0 64.8 t 53.2 
PEO (90). 
90 10 60.4 II t.3 137.9 ·26.6 
11076 (10) 
Pure 11 076 0 100 52.7 80.6 
Table 4-7 Melting enthalpies of PEO/ll'ganox 1076 mixtures 
As observed with the PEO I I.PPD mixtures, in the PEO I lrganox 1076 mi xture 
there is al so a depression of the observed melting enthalpy relative to the ca lcu lated 
va lue from the weight of PEO present. Also the melting temperature is lowered 
from that of pure PEO, indicating that the Irganox is interacting with the PEO 
crystals and does not crystall ise separately. A calculation analogous to the one used 
in table 4·6 including the enthalpy contribution of Irganox 1076 (calculated as 10% 
of pure Mlr ( lrganox 1076), that is 8. 1 Jig) to the mel ting peak wou ld yie ld a total 
calcul ated enthalpy of 145.9 Jig and, giving a di screpancy of34.6 Jig. 
4.8 Compatibilisation of PEO-Si02-Antioxidant hybrids 
4.8.1 DSC of PEO-Si02-lrganox 1076 hybrids 
Many compositions were prepared with different proportions of PEO, Silica and 
Irganox 1076. A selection of DSC thermograms from these material s is presented 
for analysis and di scussion in Figures 7·3 1 to 7-35 . DSC spectra indicate that there 
is increasing amorphous phase of the PEO component with the addition of the 
phenolic antioxidant. This is noted by the presence of a much increased glass 
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transition In the region of - 36 °C. (see figure 7-33). The sample composed of 
PEO (40) / SiOz (40) / 11076 (20) (fi gure 7-35) shows two ove rl apping melting 
peaks, attributed to the lrganox 1076 separately crystalli sing from the PEO. This is 
not observed in many other hybrids, at lower antioxidant concentration . 
4.8.2 Compatibilisation diagram of PEO-Si02-lrganox 1076 
hybrids 
Different compositions and proportions of PEO-Si0 2- lrganox 1076 hybrids were 
prepared and anal ysed. In coll ating these experiments, it is useful to vis uali se the 
results into a ternary composition diagram, such as the one in Figure 4-3 . The 
equi lateral triangle represents the whole range of composi tions poss ible wi th three 
components. Each apex represents 100% of a component , and the sides of the 
tri angle represent the three sets of binary mixtures poss ible. Points inside the 
tri angle represent ternary compositions. The concentration , expressed In 
percentage, of each of the three components of a give n form ulation A can be read 
from the diagram following th is method : from the point inside the diagram three 
li nes are drawn parall el to the sides of the tri angle; the amount of each component 
is proportional to the length of the line drawn to the side opposite its named apex. 
The sum total of the three lines is 100%. To aid the reader, a grid of small triangles 
has been drawn, each side of such triangles representing 10% increments. In the 
example given, the composi tion of formu lat ion A is 50% of PEO, 30% of Silica 
and 20% of Antioxidant. 
PEO 
Example of composition A: 
PEO (50%) I 5i02 (30%) I AD (20%) 
Figure 4-3 Example of ternary diagram 
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The hybrids conta ining lrganox 1076 are presented in Figure 4-4. The 
composi tions that exhibit phase separat ions, as evidenced by a separate antioxidant 
melting peak or at least a distinctive and noticeable shoulder on the PEO melting 
peak in the DSC, are marked with a black dot, and those compositions that do not 
present dishomogeneities or heterogeneous melting phases are marked with a white 
dot. Some of the corresponding DSC sca n are presented for analysis in fig. 7-30 to 
7-35 and 7-22 to 7-24. 
PEO 
0 = miscible 
• = immiscible 
Silica 
50 
Figu,oe 4-4 Ternary composition diagram for J>EO-Si02-lrganox 1076 hybrids 
From the scans of samples containing only silica and antioxidant it is possible to 
di scuss the behaviour of the antioxidant. Irganox presents a distinct peak of fu sion 
at around 50 °C even at low concentration, pointing to the fact that it is not 
molecularly entrapped in the amorphous silica ma trix. The samples are nonetheless 
transparent, which means the dimension of the phases present is in the nanometre 
range. As the works of Liauw et al. [48] have shown, the pores of the amorpholls 
si lica are able to adsorb significant quantities of antioxidants, and as these results 
show are also ab le to release it when heated, so that an endothermic peak of 
melting is visible on the DSC scans. Adding the third phase of PEO markedly 
complicates the situation, because now the antioxidant can dissolve in the organic 
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phase, as well as being adsorbed on the surface of the inorganic silica pores. In the 
cases of Hybrid PEO (30) / Si0 2 (60) / lrganox 1076 ( 10) (fig 7-3 1) and hybrid 
PEO (45) / SiOz (45) / Irganox 1076 ( 10) (Figure 7-32), the mel ting peak of 
[rganox 1076 is completely suppressed, whi le in hybrid PEO (60) / SiOz (30) / 
Irganox 1076 (10) (Figure 7-34) the shoulder on the lower ra nge of the PEO 
melting curve is clearly visible (T - 50 °C). This means that the disappearance of 
the melting curve of lrganox 1076 isn' t an artefact caused by PEO obscuring the 
melting of the minor phase, but a rea l physical effect, of complete 
compatibilisation of the antioxidant in bo th organic and inorganic mat ri x phases. 
The melting of Irganox as a shoulder on the PEO melting curve is even more 
pronounced as the proportion of anti oxidant increases to 20% (see Figure 7-35) 
4.8.3 SEM of PEO-SiOrlrganox 1076 hybrids 
SEM images (see figures 7-64 to 7-69) show a predominance of PEO fea tu res on 
the surface, with the PEO spheroli tes clea rl y visible at lower magnifications 
(fi gures 7-66 and 7-67). Comparing greater magni ficat ions in the two hybrids 
shows (for example figure 7-65 and 7-68) an increase of small crystall ites in the 
PEO (40) / SiOz (40) / 11076 (20) relative to the lower concentration hybrid, 
confirming the indications of DSC that a greater quantity of lrganox 1076 is not 
dissolved in the organic phase, or adsorbed onto the silica pores. 
4.8.4 DSC of PEO-SiOr IPPD hybrids 
(See figures 7-36 to 7-42) The three components of the hybrids interact strongly so 
that complete compatibil isation is achieved at lower [PPD concentration. In some 
cases such as PEO (40) / Si02 (40) IlPPD (20) (see figure 7-37), the melting of 
both PEO and !PPD components is completely inhibi ted. Other hybrids yield more 
complex results: increasing the quantity of [PPO results in phase separation, as 
observed in the melting peaks of the !PPO crystals (figu re 7-39 to 7-42) (lPPD 
content 40% to 60%) and of the PEO with IPPO entrapped (figures 7-36, 7-38 and 
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7-41 to 7-42), as observed in the cases previously di scussed of PEO / lPI'D and 
Si0 2 / lPI'D. 
4.8.5 Compatibilisation diagram of PEO-SiOr IPPD hybrids 
Diffe rent compositions and proportions of PEO-Si02-IPPD hybrids were prepared 
and anal ysed. Some of those sampl es were discussed previously. In co llating these 
experiments, it is useful to visuali se the results into a ternary composi ti on diagram, 
marking with a full dot those compositions that exhibit phase separations as 
ev idenced by a separate antioxidant melting peak in the DSC, and marking with a 
white dot those compositions that do not present di shomogenei ties or 
heterogeneous melting phases. The diagram is presented in Figure 4-5. The dotted 
line marks the region of compositions that presents clearly defined peaks of fus ion 
of lPI'D, distinct from the PE~. 
PEO 
0 = miscible 
• = immiscible 
Si I i ca L--"'----o---u---"-t.---"'----.-~------"'---""----' I P P 0 
50 
Figure 4-5 Terna ry composition diag ra m for PEO-Si0 2-lPPD hybrids 
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4.8.6 SEM of PEO-Si02-IPPD hybrids 
SEM Images show very distinct surfaces for the hybrid 
PEO (40) I Silica (20)IIPPD (40) (fi gure 7-70, 7-71 ) and hybrid 
PEO (30) I Si lica (30) I IPPD (40) (figu re 7-72, 7-73) The fo rmer shows a smooth 
and compact surface with very little surface crysta ls. The PEO characteri sti c 
morphology is not visible, as in the latter images, where the porosity and surface 
roughness, typical of PEO crysta ls, are much higher Comparing the DSC scans of 
these two hybrids shows two very different melting peaks: a broad peak around 
48 °C indicative of PEO Impure crysta ls, for the hybrid 
PEO (40) I Silica (20) I IPPD (40) ( figure 7-38), and a sharp peak at 80 °C of IPPO, 
for the hybrid PEO (30) I Silica (30) I [PPO (40) (figure 7-39) 
4.8.7 DSC of PEO-SiOr BHT hybrids 
In Figures 7-43 to 7-59 are presented some DSC thennograms for the different 
compositions of PEO/sili ca hybrid with BHT. The data shows that the th ree 
components interact strongly with each other over a wide range of compositions. 
The melting point of the pure (crysta ll ine) antiox idant is 73 °C, the T m of PEO 
crystalli zed from so lution is around 65 DC. For many hybrids the melting point of 
these components differ appreciably from those values, and often the Tm of PEO 
and/or BHT are complete ly absent (e.g. Fig 7-50 re lated to hybrid 
PEO (50) I Silica (20) / BHT (30) ) where the PEO melting point is depressed to 55 
°c and the Tm for BHT is not visib le, despite being present at 30%w of the sample. 
Strong hydrogen bonding and dipolar interaction between the phenoli c species and 
the organic ether chai n can be attributed with interfering with the closed packing 
necessary to form polymer crystal s, and therefore the structure in less ordered and 
melts more easily at lower temperatures and with much lower energy. 
The process ing conditions are of great importance, as exemplified the experiment 
presented in fi gures 7-48 a) and b) [Hybrid PEO (40) I Si li ca (40) / BHT (20)] In 
thi s case, changing the conditions in the drying stage from (a) a loosely covered 
vial placed in a 60·C oven to (b) an open box at room temperature has caused a 
signi ficant portion of the 20%w BHT to crystall ize separately from the 
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organiclinorganic network. The slower rate of reaction of crosslinking in the 
ino rganic network at room temperature has possibly triggered spinodal 
decomposition, which has caused microscopic phase segregation, and a lower 
compatibility thresho ld, compared wi th the material that was left to react at higher 
temperature bu t lower evaporation rate. 
By comparison, another fo rmulat ion with the sa me amount of B HT (see Figure 
7-44) [Hybrid PEO (30) I Sil ica (50) I BHT (20») has both PEO and BHT melting 
complete ly suppressed. 
4.8.8 Compatibilisation diagram of PEO-Si02-BHT hybrids 
The ternary diagram for some of the composit ions of PEO-Si0 2-BHT hybrids is 
presented in Figure 4-6. The black dots represent those compositions where a 
separate peak of melting of BHT was clearly present. To be recognized as BHT 
meiting, the peak was considered if it was clearly distingui shable from the PEO 
melti ng curve (around 50 to 60 °C), a lthough the temperature was in some 
composition significantly lower than that of pure BHT c rysta ls (see fig 7-45 
regard ing hybrid PEO (40) I Silica ( 10) I BHT (50): the me lting ofPEO at 5 1 °C is 
followed by a partially overlapping melting curve at 67 °C, that can be attributed to 
imperfectly packed crystal s of BHT). A composition laying on the threshold value 
for the complete compatibili ty of BHT in the organic-i no rganic hybrid is PEO (20) 
I Si lica (50) I BHT (30) (shown in Figu re 7-47): fo llowing the melting curve at 
60 °C there is an extremely small but clea r peak of melting around 70 QC that can 
be attributed as the incipient melting of BI-IT; any composition containing similar 
proportions of sil ica and PEO components <lJ1d increased BHT shows a much 
bigger melting peak (see figures 7-54 and 7-55 for com positions PEO (00) I Silica 
(50) I BHT (50) and PEO ( 10) I Si lica (50) I BHT (40) respectively). 
The range of compositions exhibiting compatibi lity, as represented by the white 
dots on the ternary composition diagram, is 6'Teater than in the case of rrganox 
1076. This can be explai ned by considering the sterical hindrance that the octadecyl 
propionate ester chain presents in the Irganox, compared with the small methyl 
group in the corresponding position in B HT. This in turn allows a less effec ti ve 
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hydrogen bond interact ion of the phenol with the ethyl ether chains in the PEO and 
a bigger vol ume occupied in the pores of the silica amorphous network. 
Hybrids contain ing BHT exhibi t a small e r range of compatible compositions than 
the case of !PPO. Compari son between di fferent c lasses of molecules are 
inappropriate, because the chemical reac ti vity of the antiox idant and it s 
ac idi tylbasic ity has a profound effect on the aggregation behav io ur and 
morpho logy of the si li ca network, and that means the pore size distribution of the 
amorphous silica will vary. If it is hypothesised that the antioxidant is adsorbed on 
the surface of the pore structure of sili ca, thi s in turn modifies the behaviour of 
Si0 2 towards the PEO chains present and the correspond ing nanostructure of the 
mixt ure at gelati on. In effect the antioxidant BHT is in a metastab le phase within 
the organiclinorganic network , even when it appears fu lly compatibi lised , as 
evidenced by the ease with which a seemingly miscible composition can produce 
segregated Bl-IT crystals, when processed in a diffe rent way [see fi gures 7-48 a) 
and b)j. This is further indicati on that the small organic molecul e of antiox idant 
wo uld posses the necessary mobil ity to di ffuse out of the hybrid orga nic/ inorganic 
matrix and into a host po lymer, thus acti ng as a slow release protective agent. 
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PEO 
0 = miscible 
• = imm iscible 
Silica 50 BHT 
Figure 4-6 Ternary composition diagram for !)EO-Si02-BHT hyb rids 
Some samples that included in the formulation the TESP-U-DBHMP s ilica-
urethane-phenol compatibi li ser were also synthesized. The resulting terna ry 
composit ion diagram is presented In fi g. 4-7. The compatibili ser weight was 
included in the Si02 component for the purpose of the calculation of the 
composition. The region of complete compatibil ity of antioxidant in the hybrid 
system is considerab ly enl arged, including compositions of up to 40 % by weight 
of BHT. This leads to the conclusion that the synthes ized urethane compatibi li ser 
acts significantly in depress ing the formation ofa separated BHT phase, and aid the 
adsorption of antioxidant on the modified surface of the silica . PEO must a lso 
interact with thi s organica lly- functionali sed surface, as the enthalpy of melting 
exhib ited is often significantly depressed. 
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PEO 
Compatibilized BHT 
0 = miscible 
• = imm iscible 
50 
Si I i ca '--~~-----""-------j~-"----~~-"------"'-------" B H T 
Figure 4-7 Ternary co mposition diagram for I'EO-Si0 2-compatibilised BUT 
hybrids 
4.8.9 SEM of PEO-Si02-BHT hybrids 
Figures 7-74 a) and 7-74 b) present the SEM micrographs of hybrid 
PEO (40) / Silica (40) / BHT (20) (see DSC in Figures 7-48a and 7-48b 
respective ly). The surface of the hybrid material appears smooth and compact in 
Figure 7-48a) while there are numerous and evident sma ll crystals segregating fro m 
the sur face of Figure 7-48b). Th is confi rms the indicati ons of the DSC 
thermograms, that phase separation and independent crystall ization of BHT had 
occurred in the material dried at roo m temperature. 
Figure 7-44 present the DSC of hybrid PEO (30) / Silica (50) / BHT (20); the 
correspond ing SEM surface micrograph is presented in fi gure 7-75 . The melting 
endotherms of both PEO and BHT are complete ly suppressed, and the surface 
appearance is smooth and compact, with no evidence of crystals or surface 
porosity. 
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4.9 Oxygen Induction Time test of Nylon 6 
A preliminary screening of the suitability of the Oxygen lnduction Time (OIT), as 
analytica l parameter for the determination of degree of protection afforded by the 
diffused ant ioxidant into the Nylon 6 fi lms, was conducted on unstabilised Nylon 6 
films of 12 ~lIn and 40 ~lIn thi ckness. At temperatures in the region of 180 QC or 
lower there was no distinguishable exothenn ic curve for the oxidation reaction for 
3 hours. After this time the cell was cooled and opened and it was found that the 
polymer had completely oxidized and browned. Increasing the oxidation 
temperature above 180 QC had the effect of obta ining an immediate oxidation 
exothenn, causing the error in the determination of onset time to be of the same 
sca le as the measurement itself. In Figures 7-60 to 7-63 are presented the OIT 
thennograms relative to temperatures 150, 180, 200 and 220 °C for the 12 flm film . 
The time marked t(O) on the graphs is the time of exchange of gas, from inert 
nitrogen to atmospheric air. Th is result confirms the pred iction found in literature, 
that OIT is really limited to polyolefins systems [ 11 2] . 
4.10 Diffusion study of antioxidants in Nylon 6 
4.10.1 Setup for diffusion study 
The setup for the experiments on diffusion is described in section 3.3.3 and the 
samples were aged in oven at 60 °C for different times as described in section 
3.3.4. 
Three hybrids were oven aged, and table 4-8 presents the weight compositions; the 
corresponding ternary composition diagra m is presented in fig 4-8: the dotted line 
represent a reminder of the region of compositions of BHT that are fu lly 
compatibilised within the organic-inorganic hybrid. All three compositions chosen 
have 20%w of BHT and are all withi n the range of full miscibility with both 
organic and inorganic phases. This mean that there is no segregated, free me lting 
antioxidant. The diffusion of BHT, therefore, proceeds from the mixture within the 
PEO and the molec ules phys ica ll y bound to the surface of the silica pores. 
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Sample PEO Si lica BHT 
I 40 40 20 
2 30 50 20 
3 50 30 20 
Table 4-8 Compositions of hyb rids used fo r oven ageing experiments 
PEO 
Silica 50 
Compositions used 
for diffusion study 
BHT 
Figure 4-8 Terna ry composition diagram for PEO-SiOz-BHT hybrids lIsed in 
the Roe setu p 
4.10.2 IR of Nylon film 
The FT-LR reference spectrum of the Nylon 6 fi lm used is presented in Figure 4-9, 
and the reference spectrum of antioxidant BHT in figure 7-8. The main 
spectroscopy features in the Nylon spectrum are the Nl-J peak at 3304 cm· l, the CI-12 
bands at 2932 and 2867 cm-I, and the two bands of primary amide at 1640 and 
1550 cm-I. 
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Figure 4-9 IR spectrum of Ny lon 6 fi lm (12~m thick) 
4.10.3 Spectra of different hybrid compositions 
The FT-IR spectra of Nylon 6 film s stacked with the three different hybrid 
compositions are very similar in appearance over the time of the oven agell1 g. 
Typical spectra are presented in fi gure 4-10. 
In the subsequent FT-IR spectra of the ageing Nylon 6 it is not possible to discern 
any peak of BHT through the many absorptions of Nylon, as an evidence for the 
low concentrations of BT-IT in the pol ymer at all ti mes. This is a des ired effect, in 
so far as higher concentration of antioxidant can leach out of the polymer matrix. 
Because a reference standard of known and invariable concentration and clearly 
identifiable absorbance peak is lack ing from all these spectra, a quantitative 
analys is of the diffusion is not possible. A semi quantitative analysis is poss ible of 
the effects of antioxidants diffusion from the hybrids into the Nylon 6 layers as the 
therma lly activated diffusion occurs over the course of the oven ageing 
experiments. 
Because the behaviour of the Nylon 6 fil ms aged with the three compositions is 
very simi lar, the effects of the diffusion of the antioxidant and protecti on from 
91 
Carl o Capra - [PTME Ph. D. Thesis 
thermal oxidations fo r all three samples will be di scussed together using sample I 
as representat ive [composit ion PEO (40) / Silica (40) / BHT (20)]. 
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Fig ure 4-10 IR spectra of Nylon 6 oven aged stacked with different hybrid 
co mposit ions (see ta ble 4-8): bottom sa mple 1, middle sa mple 2, top sa mple 3 
The analysis considers only areas of the spectra that may show indications of 
thermal degradation. As was discussed in the literature review (see section 2.4.2) 
atmospheric oxygen reacts with CH2 vicinal to an amide nitrogen, to fo rm unstable 
hydroperoxides, which then degrade thro ugh many possible radical and ionic 
pathways, to fo rm unsaturations in the backbone polymer chain, carbonyl and 
carboxyl gro ups (mainly imides, aldehydes and other unsaturated carbonyl). This 
eventuall y leads to chain sciss ion, with the deterioration of mechanical properties 
and yellowi ng. 
In parti cular, the frequency of hydroperoxide absorption has been reported near 
3400 cm-I, and the region of carbonyl absorpt ion as 1690- 1780 cm-I[l14] . 
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4.10.4 Change in hydroxyl region of IR spectrum 
Hydroxyl and hydroperoxide group absorptions (3350-3550cm-1) appea r as a broad 
shoulder on the NH band of the Nylon 6. The spectrum was rescaled so the peak of 
NH band had absorbance I, so considering the amo unt of amide constant, as the 
early stages of oxidation are being investigated. Fi gure 4- 11 presents the change in 
the hydroxyl region taking place as the laye rs furth er from the hybrid reservoi r are 
progressively less affected by the diffus ion of antioxidant, at a given agei ng time. 
Layers are numbered starting wi th layer I being the closest film to the hybrid and 
layer 10 being the most external and fart hest from the hybrid. lR absorbance in the 
hydroxy l region is greater the farther the layer is from the silica hybrid. Hydroxyl 
and hydroperoxide groups are the unstable intermediates of fi nal thermal oxidative 
products, which are being form ed and vanished cont inuo usly during the thermal 
treatment. The rol e of the antioxidant is to intercept the radical chain of reactions 
occurring as a result of hydroperox ide formation . 
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Figure 4-11 C ha nge in hyd roxyl region of m spectra of ylon 6 during 
thermal ageing at 60°C, for 380 days. 
Figure 4- 12 presents the change in the hydroxyl region of Nylon 6 as a given laye r 
(e.g. layer 5) is subjected to longer oven agei ng times. The hyd roxyl absorbance 
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band decreases with agei ng time, as the presence of a higher amount of antioxidant 
wou ld indicate. 
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Figure 4-12 Change in hydroxyl region of [R s pectra of laye r 5 of Nylon 6 at 
diffe rent times during thermal ageing at 60"C. 
In Figure 4-1 3 the variation in content of the hydroperoxide intermediate species 
was calcu lated for various ageing times of the sample at 60 "c. T he Absorbance at 
3400 cm-1 of a reference Nylon 6 film , aged in the same conditions as the sample, 
was taken as I and the re lative absorbances of the various layers resca led to 
compare in the graph. It is possible to note how the hydroperoxide spec ies 
increases along the layers, indicating a lower anti oxidant content, as the di stance 
from the hybrid reservoir increases. 
Hydroperoxide groups in a li phatic polyamides are also reported to undergo 
decomposition at about 60 °C[114) , however in a steady state process such as long 
tern, oxidation in ab undance of oxygen, the amount of decomposing hydroperoxide 
is constantly repleni shed by new reactions starting. 
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Figure 4-13 C hange in hydroperoxide content from IR spectra of nylon 6 
along the layers, during thermal ageing at 60"C, for different ageing times 
4.10.5 Change in carbonyl region of IR spectrum 
Carbonyl species are the results of hydroxyl and hydroperoxides degradative 
decomposition, and are therefore products of thermal oxidations. There are many 
possible reaction products stemming from these reactions, most of which absorb IR 
rad iation in the frequency range of 1700 to 1800 cm-I. Measuring the carbonyl 
band increase is, therefore, a good way of eva luating both the degree of 
degradation occurring and the extent of protection. 
Fi gure 4-14 shows the absorbance change in the carbonyl region of IR for the 
different layers at 65 days of oven ageing at 60 QC. Because the oven temperature is 
only 60 QC the time scale of oxidation is considerably longer than publi shed results 
fo r oxidation of Nylons, but more readily comparab le to real tenns of usage. This 
temperatu re was selected because is below the Till of BHT. The carbonyl band 
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regIOn is barely noticeable as an enlarged broad shoulder of the amide band 
absorption around 1640 cm-I 
11 z 
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Figure 4-14 Change in carbonyl region of IR spectra of Nylon 6 after 6S days 
of thermal ageing at 60·C 
Figure 4-1 5 shows the carbonyl IR spectra of Nylon 6 at the much longer oven 
ageing time of 520 days. The region shows several overlapping bands. The peak al 
1735 cm-] has been related to the presence of cyclopentanone derivatives[ 160]. 
Imides present a characte ri stic absorpt ion peak at 1735 cm-] [I 13] Consequentl y, 
the peak observed at thi s frequency could result by the overlapping contributions 
from both cyclic ketones, whose content decreases over ageing, and imides, wh ich 
remain constant after some time. It is poss ible that carboxylic acids formed within 
polymer bu lk can exist as isolated spec ies in equilibrium with dimeri c acids (which 
absorb at 171 0 cm-I ) due to their low mobility. Thi s band is also due to the overl ap 
of s ingle species absorption, such as saturated aldehydes (at 1725 cm-\ dimeric 
carboxylic acids (at 17 10 cm -\ and a,p-unsaturated carbonyls (at 1700 cm-])[ I 13]. 
Carbonyl absorption is continuous ly increased with ageing time (see figure 4- J 6), 
as is inevitable with slow but continuous thermo-oxidation. 
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5 CONCLUSIONS 
5.1 Compatibility of antioxidants with PEO 
DSC scans of PEO dissolved and mixed with [PPO show a marked decrease in the 
melting enthalpy of the PEO component, whereas IPPO shows a melting peak only 
at very high concentrations, pointing to a strong interaction of thi s ami ne 
antioxidant with the polymer. At the same time, the measured total enthalpy is 
hi gher than the values calcul ated from the PEO quantities present in the system. 
Thi s ind icates that [PPO co-crysta ll ises with the PEO. The disso lved polymer and 
the amine antioxidant form two phases; one consisting of crystalline IPPO (with 
invariant melting point, with respect to the pure rpPO) and one consisting of PEO 
co crystall ised with IPPO, with a melting po int lower than for pure PEO. The 
melting enthalpies of these two phases do not acco unt for all the material present in 
the sample, resulting from an amount of PEO not crysta lli sing. Increasing IPPO 
content gives an increase in the amorphous PEO phase, containing part of the 
antioxidant, which goes undetected by DSC scan. The remaining crystalline PEO 
phase, though, increases in amine concentration, resulting in less ordered crysta ls, 
shown by a progressively lower Tm. 
5.2 Miscibility of coupling agents in silica 
i) GOTMS: Screening tests have shown that the use of GOTMS does not 
prevent crysta lli sation of the anti oxidants. In the case of Ti nuvin 770, the 
material is completely homogeneous even without GOTMS. Previous works 
have shown the function of GOTMS as coupling agent between silica and 
PEO in hybrids [98]. 
ii ) TESP-NCO reacted with Irganox 1076: It is clear that this product is unstable 
and the add uct may decompose during the sol-gel processing of the mixtures. 
iii ) TESP-NCO reacted wi th Tinuvi n 770 : The add ition is complete and the 
product can be entrapped within the silica network. 
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iv ) TESP-U-DBHMP is able to co-condense in the silica network and assist the 
dispersion of the hindered phenol antioxidant, i.e. it acts as a compatibi liser. 
Hi gh content (- 25%w/w re lative to Si02) are necessa ry to have a significant 
effect on compatibi lity withi n the so l-gel fi lm. 
v) IPPD, an amine antioxidant, is prevented from crystall ising when present in 
concentration even as high as 20%w/w. Above this leve l a melting peak is 
evident, but a substanti al amount of amine becomes bound to the s ili ca. 
5.3 Miscibility of antioxidants in PEO-Si02 hybrids 
i ) There is a strong interaction between PEO and the amine stabili ser IPPD, as 
seen in the simple mixture and in the hybrids. There is interaction between 
PEO and the phenolic antiox ida nt Irganox 1076. 
ii ) The presence of PEO in the materia ls with high content of silica is reducing 
the amount of crystall ising rpPD, thus stabi lising the entrapment of the 
antioxida nt. Quantitati ve ana lysis of the effects is complex due to the 
presence of three components, which interact strongly. 
iii ) The SEM images suggest dramatic changes in the appearance of the surface 
at the changi ng of proportions of the hybrids. All the surfaces were left free to 
evaporate at room pressure and temperature. The hybrid 
pEO (40) / Sil ica (20) / 11'1'0 (40) (see Figures 7-70, 7-71 ) yielded a compact 
uniform surface, with sparse is lands, attr ibutable to the few crysta ll ites of 
rPI'D. DSC data of thi s sample shows a wide melting region at a temperature 
lower than that of PEO. The melting peak of lPPD is very small (~H r 45.6 
J/g, Tm 47.4 0c) but not shifted from the corresponding transition temperature 
in the pure antioxidant. 
Hybrid PEO (30) / Silica (30) / IPPD (40) (see fi gures 7-72, 7-73) presents a 
rugged porous surface, analogous to that of porous sol-gel derived silica. 
DSC of thi s sample shows a very small PEO melting peak (~Hr I. I J/g, T m 
47.0 °C) and a clear IPPD melting endothenn (~Hr 33.5 J/g, T m 80.0 °C). 
Compari son of thi s latter enthalpy with the ca lculated value of 49.2 J/g for a 
no n-interactive phys ica l mixture of IPPD (40 / 60) yields a 68% un-bound 
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crystalline !PPD. This is therefore different from the former hybrid system 
where the lPPD also interacts and co-crystalli se with the PEO. 
iv) The therma l history strongly infl uences the morphology of the complex 
materia l: DSC shows that the second heating scan , after heating and cooling 
ramps, is markedly different and the melting peaks are smalle r, pointing to 
less ordered crystals or increased amo rphous phase. 
v) Among the phenolic antioxidants considered, BHT has the hi ghest degree of 
compatibility with the organic/inorganic hybrid , with concentrations of 20% 
by weight fully compatibilised between the organic PEO chain and 
amorphous silica pores. The compatibilised content increases to 40% by 
weight when the funct iona lised urethane-sil ane coupl ing agent is included in 
the formulation of the si li ca phase. 
5.4 Diffusion of antioxidant 
There is strong indication that BHT diffuses out of organiclinorganic hyb rids made 
with sol-gel deri ved silica and PEO. Compositions with 20% by weigh t of BHT 
antioxidant and different proportions of PEO to silica were studied. A temperature 
as low as 60 °C was investigated in oven ageing experiments, and a degree of 
protection was afforded to Nylon 6 film s 12 ~m thick. The amount of 
hydroperoxide species, which represent the intermediate stage ofthennal ox idation, 
was reduced. The appeara nce of carbonyl containing species, which are the fi rst 
products of o xidations, was considerab ly delayed compared with non-protected 
polyamides. At the same ti me the overa ll concentration of antiox idant withi n the 
po lymer remains low, so that there is reduced possibili ty of the additive leaching 
and blooming out of the polymer matri x. 
5.5 Suggestions for further work 
There is considerable scope for further work investi gating these hybrid systems fo r 
delivery of antioxidants. 
The ra nge of additives used can be expanded to othe r classes of antioxidants, such 
as phosphites, and to mixtu res of primary and secondary antiox ida nts, such as those 
commonly used in industria l practice, to estab lish the extent of preferred adsorption 
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and desorption of a type of addi ti ve versus another In such complex ternary 
hybrids. 
The hybrids can be further characterised by small angle X-ray spectroscopy, to 
accurately determ ine the size of nanodomai ns. 
Other compositions can be invest igated in the diffusion study, espec iall y 
investi gating compositions that exhibit separated crystal lised antioxidant, to 
investi gate the effect of readily ava ilable ant ioxidant for short tenl1 and processing 
protection followed by desorbed antioxidan t fo r long term protection through s low 
release. 
The temperature of oven ageing can be vari ed to obtain a measure of the activation 
ene rgy of desorption of antioxidant from the hybrid matrix. Temperatures below 
60 °C wou ld continue in the study of so l id-state diffusion mechani sms, but wo uld 
mean very long ageing times. Temperatures above the melting range of PEO wou ld 
si!,'llificantly change the morphology of the hybrid and therefo re the mechan isms 
and rate of di ffusion of the antioxidants. 
The diffusion model can furthe r refi ned by compounding the antioxidant-
containing hybrid with the chosen polymer, thereby using it as functiona l filler. 
The protected compound can then be fu lly characteri sed in its mechanica l, thermal 
and optica l properties, as well as ageing behaviour. The long term age ing 
experiments can be carri ed out on the protected compound (direct protection) or 
using the Roe experiment by havi ng a layer of protected polymer centred between 
layers of unprotected compound. 
In addition to Nylon 6, a who le range of other po lymers for deli very of antioxidants 
can be investigated. Polar polymers such as polyurethanes would offer a higher 
degree of interaction with the interface of the hybrid, compared with apo la r 
polymers like polyolefins: the effects on the diffusion rate of antioxidants wou ld be 
an interesting subject of further study. 
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Figure 7-7 JR spectrum of Irganox 1076 and TMS-NCO (molar proportion 4:1) 
mixture after 2 weeks at 60 ·C 
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Figure 7-10 DSC thermogram of sol-gel silica 
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Figure 7-12 DSC thermogram of Sol-gel Si02 (80) I IPPD (20) 
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Figure 7-13 DSC thermogram of Sol-gel Si02 (70) I IPPD (30) 
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Figure 7-14 DSC thermogram of Sol-gel SiOz (60) IIPPD (40) 
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Figure 7-15 DSC thermogram of Sol-gel Si02 (40) / IPPD (60) 
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7.4 DSC of Silica - Tinuvin 770 
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Figure 7-17 DSC thermogram of Sol-gel SiOz (92) / Tinuvin 770 (08) 
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Figure 7-18 DSC thermogram of Sol-gel Si02 (70) I Tinuvin 770 (30) 
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Figure 7-19 DSC thermogram of Sol-gel Si02 (38) / Tinuvin 770 (62) 
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Figure 7-20 DSC thermogram of Sol-gel Si02 (29) / Tinuvin 770 (71) 
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Figure 7-21 DSC thermogram of Sol-gel Si02 (24) / Tinuvin 770 (76) 
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Figure 7-22 DSC thermogram of Sol-gel SiOz (95) I Irganox 1076 (05) 
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Figure 7-23 DSC thermogram of Sol-gel SiOz (86) I Irganox 1076 (14) 
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Figure 7-24 DSC thermogram of Sol-gel Si02 (72) I Irganox 1076 (28) 
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Figure 7-25 DSC thermogram ofPEO 
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Figure 7-26 DSC thermogram of PEO (80) I IPPD (20) 
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Figure 7-27 DSC thermogram ofPEO (60) I IPPD (40) 
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Figure 7-28 DSC thermogram ofPEO (40) /IPPD (60) 
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Figure 7-30 DSC thermogram ofPEO (90) /Irgauox 1076 (10) 
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Figure 7-31 DSC thermogram of hybrid PEO (30) / Si02 (60) / Irganox 1076 (10) 
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Figure 7-32 DSC thermogram of hybrid PEO (45) I Si02 (45) I Irganox 1076 (10) 
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Figure 7-33 DSC thermogram of hybrid PEO (45) I Si02 (45) I Irganox 1076 (10) 
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Figure 7-34 DSC thermogram of hybrid PEO (60) / Si02 (30) / Irganox 1076 (10) 
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7.9 DSC of PEO-Si02-IPPD hybrids 
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Figure 7-36 DSC thermogram of hybrid PEO (50) I Silica (30) I !PPD (20) 
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Figure 7-37 DSC thermogram of hybrid PEO (40) I Silica (40) I IPPD (20) 
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Figure 7-38 DSC thermogram of hybrid PEO (40) I Silica (20) I IPPD (40) 
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Figure 7-39 DSC thermogram of hybrid PEO (30) I Silica (30) I IPPD (40) 
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Figure 7-40 DSC thermogram of hybrid PEO (20) / Silica (40) /IPPD (40) 
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Figure 7-41 DSC thermogram of hybrid PEO (30) / Silica (to) / IPPD (60) 
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Figure 7-42 DSC thermogram of hybrid PEO (20) / Silica (20) /IPPD (60) 
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Figure 7-43 DSC thermogram of hybrid PEO (33.3) / Silica (33.3) / BHT (33.3) 
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Figure 7-44 DSC thermogram of hybrid PEO (30) I Silica (50) I BHT (20) 
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Figure 7-45 DSC thermogram of hybrid PEO (40) I Silica (10) IBHT (50) 
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Figure 7·46 DSC thermogram of hybrid PEO (20) I Silica (60) I BHT (20) 
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Figure 7·47 DSC thermogram of hybrid PEO (20) I Silica (50) I BHT (30) 
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Figure 7-48 a) DSC thermogram of hybrid PEO (40) / Silica (40) / BHT (20). 
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Figure 7-48 b) DSC thermogram of hybrid PEO (40) / Silica (40) / BliT (20) with 
different processing: solvent evaporated open at RT overnight 
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Figure 7-49 DSC thermogram of hybrid PEO (50) I Silica (10) I BBT (40) 
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Figure 7-50 DSC thermogram of hybrid PEO (50) I Silica (20) I BBT (30) 
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Figure 7·51 DSC thermogram of hybrid PEO (50) / Silica (30) / BHT (20) 
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Figure 7-52 DSC thermogram of hybrid PEO (60) / Silica (10) / BlIT (30) 
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Figure 7-53 DSC thermogram of hybrid PEO (00) I Silica (80) I BHT (20) 
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Figure 7-54 DSC thermogram of hybrid PEO (00) I Silica (50) / BHT (50) 
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Figure 7-55 DSC thermogram of hybrid PEO (10) I Silica (50) IBHT (40) 
·0.2 
·0.4 
'Oi ·0.6 ~ 1st ramp 
~ 
.2 
u. 
·0.8 ;; 57.55°e 
" I 12.39J/g 
·1.0 
59. 53°C 
·1.2 
.'.4+-~--r:-~--r:-~--:r:----:r:----.:----,----,...-~-l 
·10 10 30 50 70 90 110 130 150 
ExoOp Temperalure ('Cl 
Figure 7-56 DSC thermogram of hybrid PEO (10) I Silica (60) I BHT (30) 
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Figure 7-57 DSC thermogram of hybrid PEO (20) I Silica (20) I BHT (60) 
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Figure 7-58 DSC thermogram of hybrid PEO (20) I Silica (50) I BHT (30) 
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Figure 7-59 DSC thermogram of hybrid PEO (00) I Silica (70) I BHT (30) 
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Figure 7-60 DSC thermogram of oxygen induction time at 150°C 
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Figure 7-61 DSC thermogram of oxygen induction time at 180°C 
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Figure 7-62 DSC thermogram of oxygen induction time at 200°C 
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Figure 7-63 DSC thermogram of oxygen induction time at 220°C 
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Figure 7-64 SEM microgralJh of hybrid PEO (45) / Si lica (45) / Irga nox 1076 (10) 
Figure 7-65 SEM micrograph of hybridPEO (45) / Silica (45) / Irganoxl076 (10) 
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Figure 7-66 SEM miuograph of hybdd PEO (45) / Silica (45) / h'ganox 1076 (10) 
Figure 7-67 SEM micrograllh of hybrid PEO (40) / Silica (40) / Irganox 1076 (20) 
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Figure 7-68 SEM micrograph of hybr id PEO (40) / Silica (40) / Irganox 1076 (20) 
Figure 7-69 SEM micrograph of hybrid PEO (40) / Silica (40) / lrganox 1076 (20) 
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7.13 SEM of PEO-Si02-IPPD hybrids 
Figure 7-70 SEM micrograph of hybrid PEO (40) / Silica (20) / lPI'D (40) 
F igure 7-71 SEM micrograph of hyb,"id PEO (40) / Silica (20) / IPPD (40) 
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Figure 7-72 SEM micrograph of hybrid PEO (30) / Si lica (30) / [PPO (40) 
Figure 7-73 SEM microgra ph of hybrid PE O (30) / Silica (30) / IPPD (40) 
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7.14SEM of PEO-Si02-BHT hybrids 
Figure 7-74a) SEM micrograph of hybr id 
PEO (40) I Silica (40) I BElT (20) dried at 60·C 
Figure 7-74b) SEM micrograph of hybrid of hybrid 
PEO (40) I Silica (40) I BHT (20) dried at RT 
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Figure 7- 75 SEM micrograph of hyb ,-id PEO (30) I Silica (50) I BHT (20) 
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